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Preface

The geographical distribution of nematodes is cosmopolitan, encompassing both
parasitic and free-living forms. They typically have a worm-like appearance and

are extremely adaptive and resilient to a variety of environmental challenges and
stresses. They are capable of causing a wide range of diseases in different organisms,
including humans. Numerous nematodes are accountable for causing damage in the
agricultural sector.

Nematodes present in the soil play an essential role in the functioning of the soil
ecosystem. They are excellent indicators of soil health and soil recovery and are found
in all habitats, including contaminated and biologically unsafe ones. In addition to
maintaining soil biodiversity, they aid in nutrient cycling, aggregation of soil, decom-
position, sequestration of carbon, and controlling pests. For the effective management
of ecosystems and agriculture in a sustainable manner, it is imperative to comprehend
their diversity, interrelationships, and impacts on plants in a holistic way.

In the context of anthropogenic disturbances like mining activities, the related book
chapter emphasizes the significance of soil nematodes as critical markers of ecological
health. Nematodes in the soil are crucial for the mineralization of nutrients and
provide substantial details on the dynamics of the soil food web. A thorough compre-
hension of the organization of nematode communities can improve their potential as
universal indicators for determining the availability of food resources and character-
izing diverse habitat types. This work has created opportunities for further research
utilizing nematodes as models in coal mine environments. This study paves the way
for a more thorough comprehension of how human activity affects soil ecosystems
and the possibilities for ecological restoration initiatives.

A special kind of insect parasitic nematodes known as entomopathogenic nematodes
is frequently employed in biological pest management. In the related chapter, the
authors discuss the impacts of ecology, behavior, symbiosis, and parasitism of ento-
mopathogenic nematodes on their capacity to cause disease in natural conditions.
The chapter makes a significant contribution to the knowledge of entomopathogenic
nematodes by highlighting their ecological significance and possible effects on
sustainable pest management practices.

Plant parasitic nematodes have several remarkable features, particularly their parasitic
adaptation that aids in surviving harsh environmental conditions. Moreover, they
interact with other pathogenic microorganisms to cause intricate disease in plants. It is
crucial to comprehend the parasitic mechanism, feeding behavior, adaptability, host
parasitic interaction, and identification of associated microbiota of plant parasitic
nematode to manage them effectively within the biological control system.

The use of biopesticides is becoming more and more popular because chemical
nematicides against plant parasitic nematodes have some disadvantages. A viable



formulation must be created and in-depth research on the virulence activity of
entomopathogenic nematodes in in vitro conditions against plant parasitic nematodes
is needed to employ them in the field.

To promote the development of environmentally safe compounds, the concept of
biological nematicide is extremely appropriate and research in this area should be
encouraged. Nematologists should adopt a more methodical approach to biocontrol
and should also become more conversant regarding the ecology of soil microbes. In
the long run, the designing of nematicides using organic resources may even turn out
to be a better and more effective option than synthetic nematicides. However, more
field investigations need to be done to evaluate the performance of these materials in
actual situations. Furthermore, in organic and environmentally friendly aquaculture,
modern technology must be amalgamated with traditional control and management
practices to minimize the negative impacts on non-target organisms.

This book, Nematodes — Ecology, Adaptation and Parasitism, is a compilation of
research articles on the frontiers of nematode biology, including information on the
ecological traits, adaptability, and parasitic nature of the Phylum Nemathelminthes.
The authors examine the differences in nematode community structures between
contaminated and natural environments in terms of diversity, abundance, and bio-
indicative potential. The book addresses a variety of topics, including the ecological
significance of entomopathogenic nematodes, their potential effects on sustainable
pest control management, the parasitic adaptability of plant parasite nematodes, and
their interactions with other microorganisms. It also discusses how to manage plant
parasitic nematodes by using a new generation of chemical and herbal nematicides.
This book is a useful resource for scientists, experts, and students pursuing research
on various aspects of nematology.

Soumalya Mukherjee

Department of Zoology,

Brahmananda Keshab Chandra College,
West Bengal, India

Sajal Ray

Aquatic Toxicology Laboratory,
Department of Zoology,
University of Calcutta,

West Bengal, India
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Chapter 1

Beneath the Surface: Comparative
Diversity, Abundance, and
Bio-Indicative Capabilities of
Nematode Community Structure in
Natural and Disturbed Habitats

Mohammad Asif and P. Fazul Rahaman

Abstract

This present study underscores the significance of soil nematodes as indicators of
ecological health, particularly in areas affected by human activities like mining. Soil
nematodes, classified into five trophic groups, play vital roles in nutrient cycling and
provide insights into soil food web dynamics. Various nematode community indices,
including the maturity index (MI) and trophic diversity index (TDI), are crucial for
assessing soil food web diversity. Nematodes exhibit adaptability across diverse soil
environments, from pristine to highly disturbed habitats, making them responsive
indicators of environmental changes. Understanding nematode community structure
enhances their potential as global indicators for assessing food resource availability
and habitat characterization. This study compares three different zones based on
anthropogenic disturbances in the coal mining region of Sonebhadra, Uttar Pradesh,
representing undisturbed, moderately disturbed, and intensely disturbed sites. By
analyzing nematode communities and trophic group abundance, the study assesses
soil ecosystems across these zones. Human activities, especially mining, significantly
impact soil nematode diversity and ecosystem health. Transition from natural forests
to mining sites leads to shifts in nematode communities and species diversity, with
intermediate disturbance fostering increased species diversity. Maturity index values
reflect ecosystem maturity, with undisturbed and moderately disturbed zones indi-
cating structured ecosystems, while highly disturbed zones represent degraded con-
ditions. Faunal profiles mirror these findings, indicating shifts in decomposition
pathways. This study highlights the potential of nematodes as indicators for environ-
mental monitoring and quality assessment in coal mine areas. Further research on
individual nematode species can inform biodiversity modeling and contribute to more
effective ecological restoration efforts.

Keywords: soil nematodes, trophic groups, mining activities, faunal profiles,
decomposition pathways, biodiversity modeling, ecological restoration
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1. Introduction

Nematodes have been categorized into five primary trophic groups [1, 2].

They play a significant role in nutrient mineralization through energy
decomposition pathways [3-6] and offer valuable insights into the structure

and function of soil food webs [1, 7-9]. Nematode community indices, such as

the maturity index (MI) based on c-p scaling, the plant parasitic index (PPI)
(weighted mean of c-p values of plant-parasitic nematodes), species richness,
evenness, the ratio of bacterivore to fungivore nematodes, and the trophic

diversity index (TDI), are routinely employed to assess soil food web diversity
conditions [10-20]. Furthermore, various faunal food web indices for nematodes,
such as enrichment (EI), structure (SI), and decomposition channel index (CI),
based on the relative weighted abundance of nematode c-p guilds, provide informa-
tion on enrichment, trophic connections, structure, and prevailing decomposition in a
food web [1].

Nematodes are valuable indicators as they inhabit soils ranging from pristine
to highly disturbed habitats and are represented in almost all trophic groups of
the soil food web. They respond quickly and specifically to environmental changes.
A comprehensive understanding of nematode community structure for assessing food
resource availability and characterizing different habitats would enhance the indica-
tive capability of nematodes on a global scale [1, 21].

Although we have limited knowledge about the influence of vegetation and
abiotic parameters on nematode fauna, drawing trends can be challenging due to
geological, climatological, and methodological differences among various sites or
studies [22]. Analyzing the soil nematode community can reveal differences between
habitats [19, 21].

In the present study, three different zones with varying degrees of anthropogenic
disturbances in the coal mine region of district Sonebhadra, Uttar Pradesh, were com-
pared. Various parameters of the nematode community were used to assess the
prevailing soil ecosystem in these zones. Depending on the nature and frequency of
disturbances (physical, chemical, or biological), active mining land and wild
forests (potential future mining sites) represent two extremes in terms of ecosystem
structure and stability. The three zones identified based on the degree of human
interference were: undisturbed hillocks or potential future mining sites (Zone ‘A’),
moderately disturbed and managed habitat represented by abandoned reclaimed land
after mining (Zone ‘B’), and intensively disturbed habitat as the active mining site
(Zone ‘C).

The objectives of the study were to compare these three selected habitats using a
combination of nematode community indices and trophic group abundance and to
examine substrate characteristics through nematode community measures using mul-
tivariate analyses.

2. Description of site and protocol of study
See Figure 1.

The coal mine region was divided broadly into three differentiating sites on
gradient of anthropogenic disturbances.
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Figure 1.

A. Satellite images of the coal mine region. B. Topographic map of the study region showing three different zones.
Zone ‘A’ = green color, Zone ‘B’ = light green color (samples were collected from median age coalmine spoils from
this zone), Zone ‘C’ = dark blue color.

Zone ‘A’ This area represented the unmined hills covered with wild
vegetation and with least or no anthropogenic activities. Samples were collected on
altitudinal gradients from foothill to top. The Zone lies between the geographic
coordinates 24° 11'57.73"N, 82° 44'31.95"E to 24° 08'49.06"N, 82° 43/33.85"E
(Figure 2A and B).
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B

Figure 2.
A, B: Snapshots of Zone ‘A’.

Zone ‘B’ The area represented reclaimed overburden of about 21 years of age. For
the proper management of spoils, anthropogenic inference occurs time to time. Sam-
ples were collected on an altitudinal gradient from foot to top of overburden. This
Zone lies between the geographic coordinates 24° 10'32.99"N, 82° 45'51.29"E to 24°
07'40.38"N, 82° 48'32.51"E (Figure 3A and B).

Zone ‘C*: The area represented the highly disturbed zone with an extremely nutrient-
poor environment. Samples were collected on both altitudinal and horizontal basis. The
samples were collected between the geographic coordinates 24° 10'57.92"N, 82°
45'07.83"E to 24° 07'47.38"N, 82° 4324.89"E (Figure 4A and B). On horizontal basis,
the active coal mining region was considered as source of disturbance, and the samples
were collected in a circumference of 400 m diameter.
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Figure 3.
A, B: Snapshots of Zone ‘B’.

3. Materials and methods

Sampling for Zone ‘A’ Soil sampling was done on an altitudinal gradient from the foot
to the top on undisturbed hills. Samples were taken 15-25 cm below the ground level.

Sampling for Zone B’ Soil sampling was done from top to bottom and from the
bench of the coal mine spoil.

Sampling for Zone ‘C’: Samples were taken at a 15 m distance along the altitudinal
gradient starting from ground level (about 160 m above sea level) to the top (about
400 m high).
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Figure 4.
A, B: Snapshots of Zone C’.

Sampling was done using steel corer of 5 cm diam. For each Zone
30 samples were collected with each sample being a composite of five samples.
Samples were then stored in plastic bags and transported to the lab for
chemical analysis and nematode identification. The climatic and edaphic
information were also recorded (Table 1). Geographic data like geographic
coordinates, altitude, and temperature were recorded via the navigation device
GARMIN -eTREX- 20.
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Nematode species Functional Mean + SD (abundance)
guild
Bacterivores Zone ‘A’ Zone ‘B’ Zone ‘C’
Undisturbed forest Spoil of Active site of
(site for advance quarry)  median age mining
Achromadora indica Ba, 10.56 + 3.54 28.24 4+ 21.24 0.0 £0.0
Acrobeles cylindricus Ba, 14.39 £ 16.54 20.12 + 15.54 0.0+ 0.0
Acvobeloides conoidis Ba, 10.34 £ 7.45 12.45 4+ 8.64 0.48 £ 0.75
Acrobeloides nanus Ba, 18.15 & 2.56 15.10 £ 12.10 0.0 £0.0
Acrobelophis minimus Ba, 524 +3.21 0.63 +2.25 0.0+ 0.0
Alaimus primitivus Ba; 18.35 £ 32.30 30.34 4 44.53 0.0 £0.0
Amphidelus sylvaticus Bas 16.3 + 15.53 13.54 + 8.64 0.0 £ 0.0
Cephalobus cubaensis Ba, 10.4 + 6.24 7.52 +10.25 0.0+ 0.0
Cephalobus parvus Ba, 10.86 +£7.25 7.81£523 0.0+ 0.0
Ceratoplectus armatus Ba, 9.26 + 4.23 19.83 +25.3 0.0+ 0.0
Chiloplacus Ba, 1.45+7.59 0.25+1.25 0.0 £0.0
symmetricus
Chiloplectus indicus Ba, 0.50 £2.76 0.65 £ 2.54 0.0+ 0.0
Eucephalobus Ba, 16.68 + 18.85 18.25 +£12.24 0.0+ 0.0
oxyuroides
Geomonhystera Ba, 12.24 4+ 8.35 8.53 + 12.53 0.0 + 0.0
glandulata
Halicephalobus Ba; 0.00 £+ 0.00 0.94 + 3.65 0.0 £ 0.0
gingivalis
Mesorhabditis vernalis Ba; 13.51 + 8.56 22.45+9.45 0.36 £ 0.67
Mesorhabditis minuta Ba; 8.45 + 6.45 15.53 £ 12.67 0.48 +0.84
Monhystera gracilis Ba, 11.84 + 6.85 15.28 4 14.53 0.0+ 0.0
Monhystrella kerryi Ba, 12.54 £ 6.44 9.28 +5.68 0.0+ 0.0
Oscheius vulvastriatus Ba; 0.00 &= 0.00 8.22 4+ 3.25 0.0 £0.0
sp ..
Panagrellus dubius Ba; 3.154+1.23 175+ 0.57 0.0+ 0.0
Panagrolaimus Ba, 15.83 + 6.86 8.75 + 6.55 0.0 £0.0
dendroctoni
Plectus geophilus Ba, 16.84 + 18.24 18.49 +20.24 0.0 £0.0
Plectus parvus Ba, 7.42 £ 4.24 5.77 £14.99 0.0 £0.0
Poikilolaimus Ba; 215+ 0.24 0.55 +2.50 0.0 +£0.0
oxycercus
Prismatolaimus Bas 12.46 + 14.48 16.86 + 12.86 0.0 £ 0.0
intermedius
Teratolobus regulus Bas 243 +£1.75 1.25+ 3.45 0.0 £ 0.0
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Nematode species Functional Mean + SD (abundance)
guild
Bacterivores Zone ‘A’ Zone ‘B’ Zome ‘C’
Undisturbed forest Spoil of Active site of
(site for advance quarry)  median age mining
Tylocephalus Ba, 3.26 £2.36 3.86 + 1.67 0.0+ 0.0
primitivus
Wilsonema Ba, 335+175 3.55 4+ 5.43 0.0 £0.0
bangaloreiensis
Zeldia punctata Ba, 272 +£224 0.74 +£2.24 0.0+ 0.0
Table 1.

Abundance of bacterivore species in three zones of coal mine region of district Sonebhadra Uttar Pradesh.

4, Results and observations
4.1 Nematode abundance

Zone ‘A’ Nematode abundance was found high in Zone ‘A’ and mean value of
1748.63 + 163.18 (1576-1859) nematodes were found in 100 g of samples.

Zone B Nematode abundance was low in Zone ‘B’ comparably to Zone ‘A’ and mean
value of 983.8 & 120.2 (748.57-1168.74) nematodes were found in 100 g of samples.

Zone ‘C”: Nematode abundance was negligible in Zone ‘C’, which was the active
mining Zone and mean of 0.42 £ 0.37 (0.08-0.42) nematodes isolated from 100 g of
samples.

4.2 Nematode species diversity

Zone ‘A’: A total of 119 species belonging to 107 genera, 40 families and eight orders
were recorded from Zone ‘A’. The dominant species were Aphelenchoides composticola,
Aphelenchus avenae, Dorylaimoides constrictus, Labronema baqrii, Labronema
deoriaensis, Laimydorus baldus, Thornenema mauritianum, Tripyla glomerans, Tripyla
arenicola, Mylonchulus contractus, Mylonchulus vasis, Sporonchulus ibitiensis,
Aporcelaimellus tropicus.

160 2200
140 2000
1800
120 1600 2
=
100 1400 =
- =
2 1200 =
£ 80 -
E 1000 2
60 800 g
40 600 2
400
20 200
0 0
Zone A Zone B Zone C
i Genera o Specles  —b=Individuals

Figure 5.
Number of species, genera and individuals observed in three different zones of coal mine region.
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Zone ‘B Zone ‘B’ recorded 105 species belonging to 96 genera, 39 families and eight
orders. The number and dominance were quite comparable with Zone ‘A’

Zone ‘C Only three species belonging to two genera, one family and one order
were observed at Zone ‘C’ (Figure 5).

4.3 Nematode trophic structure
In Zone ‘A’ there was much diversity of omnivores and predators in comparison to

bacterivores and in Zone ‘B’ bacterivores and fungivores nematodes were the abundant
group over omnivores and predators and Zone ‘C’ had only three bacterivore species.

4.3.1 Zone ‘A’
4.3.1.1 Trophic groups
Bacterivores (bacteriophagous): Of the 28 bacterivore species recorded (Table 2),

five most abundant species were Acrobeloides nanus, Plectus geophilus, Eucephalobus
oxyuroides, Amphidelus sylvaticus and Acrobeles cylindricus.

Nematode species Functional Mean + SD (abundance)
Fungivores guild Zone ‘A’ Zone ‘B’ Zone ‘C’
Undisturbed forest (Site for Spoil of Active site of
advance quarry) Median Age mining

Aglenchus agricola Fu, 16.43 £+ 6.05 16.48 + 8.45 0.0 £ 0.0
Aphelenchus avenae Fu, 32.04 +18.64 12.6 £10.35 0.0£0.0
Aphelenhoides besseyi Fu, 36.13 £20.13 18.74 + 16.36 0.0£0.0
Axonchium thoubalicum Fus 9.40 + 3.56 225+1.75 0.0 £0.0
Basiriotyleptus minimus Fu, 8.95+ 4.31 6.25+4.21 0.0£0.0
Belondira apitica Fus 10.42 £ 4.10 5.40 £2.50 0.0£0.0
Daladenus wilsoni Fu, 3.67 £1.58 13.43 + 6.48 0.0 £ 0.0
Diptherophora alami Fus 12.10 + 4.20 4.61+2.80 0.0+0.0
Ditylenchus dipsaci Fu, 3.26 +2.05 11.4 £6.23 0.0+ 0.0
Dorylaimellus indicus Fus 16.82 £ 6.42 8.64 £+ 3.56 0.0+ 0.0
Dorylaimoides Fu, 39.27 +20.46 13.45+ 6.45 0.0+0.0
constrictus

Filenchus mircodorus Fu, 22.30 + 10.46 16.43 £ 8.23 0.0 £ 0.0
Filenchus vulgaris Fu, 18.20 £ 9.65 15.43 + 6.28 0.0£0.0
Leptonchus granulosus Fu, 4.85+£224 5.44 +3.24 0.0£0.0
Roqueus indicus Fus 4.64 +3.41 5.53 & 2.54 0.0£0.0
Tylencholaimellus acutus Fuy 28.41 £14.42 12.34 + 6.80 0.0+0.0
Tyleptus projectus Fu, 7.23 £3.54 10.23 + 4.25 0.0+ 0.0

Table 2.

Abundance of fungivores species in three zones of coal mine vegion of district Sonebhadra Uttar Pradesh.
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Fungivores (mycophagous): Seventeen fungivore species were recorded (Table 3),
among which the five most abundant ones were Dorylaimoides constrictus,
Aphelenhoides composticola, Aphelenchus avenae, Tylencholaimellus acutus and Filenchus
mircodorus.

Herbivores (plant pavasites): Of the 22 herbivore species (Table 4), five most
abundant ones were Longidorus elongates, Basiria abberans, Longidoroides longiurus,
Tylenchus arcuatus and Tylenchorynchus striatus.

Ommnivores: Five most abundant species among the 25 omnivore species (Table 5)
were Allodorylaimus irritans, Thornenema mauvitianum, Labronema deoriaensis,
Mesodorylaimus indicus and Mesodorylaimus subtiloides.

Predators: Of a total of 26 predator species (Table 6), the five most abundant ones
were recorded as Tripyla arvenicola Mylonchulus viasis Tripyla glomerans Mylonchulus
contractus and Laimydorus baldus.

Nematode species Functional Mean + SD (abundance)
Herbivores guild Zone ‘A’ Zone ‘B’ Zone ‘C’
Undisturbed forest (site for Spoil of Active site
advance quarry) median age  of mining
Basiria abberans H, 16.80 + 6.46 7.25+4.23 0.0£0.0
Boleodorus filiformis H, 9.35 + 4.05 3.36 £2.35 0.0+ 0.0
Coslenchus areolatus H, 6.87 +5.64 1.53 +£2.50 0.0 £ 0.0
Helicotylenchus dihystera Hj 9.64 + 4.38 12.68 + 5.85 0.0 £ 0.0
Hemicriconemoides communis H; 15.38 + 8.36 6.86 + 4.25 0.0 £ 0.0
Hemicycliophora corbetti H; 1.50 £2.35 1.02+221 0.0£0.0
Hoplolaimus indicus Hj 2.30 + 3.66 10.25 £ 6.23 0.0 £0.0
Longidoroides longiurus Hs 13.45 £+ 8.36 2,524+ 0.0 0.0+0.0
Longidorus elongatus Hs 16.84 £10.35 1.08 £ 2.50 0.0£0.0
Malenchus nanellus H, 4.68 + 3.45 1.24 + 3.65 0.0 £ 0.0
Merlinius brevidens Hj 3.87 +2.36 1.25 + 0.58 0.0 +£0.0
Neopsilenchus affinis H, 2.48 £2.01 120 £2.36 0.0£0.0
Paratylenchus similis H, 9.85 + 6.46 12.26 + 6.58 0.0 £ 0.0
Pratylenchus brachyurus H, 10.64 + 6.68 0.0 £0.0 0.0+ 0.0
Psilenchus mixus Hj 4.65 + 3.34 0.56 + 1.14 0.0 £ 0.0
Rotylenchus mircrostylus H; 6.80 + 4.88 0.26 £2.24 0.0 £0.0
Scutellonema brachyurum Hj 1.54 +2.34 0.50 + 1.54 0.0 £ 0.0
Scutylenchus hexincisus H; 2.38 £1.36 0.35+£2.25 0.0£0.0
Trichodorus borai H, 8.62 + 4.38 1.24 +2.52 0.0 £ 0.0
Tylenchorynchus striatus Hj 11.56 + 8.44 10.23 £ 6.45 0.0 £0.0
Tylenchus arcuatus Hj 12.56 & 6.35 5.86 + 3.54 0.0+0.0
Xiphinema americanum Hs 6.24 +£9.25 9.25+5.24 0.0£0.0
Table 3.

Abundance of herbivore species in three zones of coal mine region of district Sonebhadra Uttar Pradesh.
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Nematode species Functional Mean =+ SD (abundance)
Omnivores guild Zone ‘A’ Zone ‘B’ Zone ‘C’
Undisturbed forest (site Spoil of Active site
for advance quarry) median age  of mining

Amphidorylaimus flagellicauda Om, 6.24 £+ 4.36 — —
Cephalodorylaimus papillatus Om, 6.20 £5.48 — —
Crassolaibium gharwaliense Om, 16.84 £+ 9.65 424 £2.35 —
Discomyctus cephalatus Om, 12.86 + 9.80 6.33 £3.26 —
Dorylaimus stagnalis Omy 10.54 £ 5.46 1.56 +3.28 —
Enchodelus macrodorus Om, 8.64 +5.24 0.45 + 1.56 —
Eudorylaimus silvaticus Om, 13.64 +8.30 5.26 +3.25 —
Eumenicus monhystera Om, 8.64 +5.45 — —
Ischiyodorylaimus navus Om, 3.58 + 4.24 — —
Labronema deoriaensis Omy, 20.42 +12.92 15.50 £+ 11.54 —
Labronema baqrii Om, 24.56 + 18.45 18.35+ 8.62 —
Allodorylaimus irritans Omy 31.54 £ 22.56 2.45 £+ 3.56 —_
Makatinus heynsi Om, 7.45+ 6.52 — —
Mesodorylaimus subtiloides Om, 20.38 £ 11.36 — —
Mesodorylaimus indicus Omy 20.38 £ 16.36 23.56 + 13.46 —
Microdorylaimus parvus Om, 18.45 + 8.46 8.54 £ 5.64 —
Moshajia idiofora Om, 12.45 £ 6.75 8.65 + 5.60 —
Opisthodorylaimus cavalcantii Om, 16.45 £ 9.45 — —
Oriverutus sundarus Om, 19.44 + 12.46 — —
Oxydirus ganagticus Om; 10.65 + 6.54 — —
Paraoxydirus gigas Oms 8.64 + 4.84 — —
Porodorylaimus sturhani Om, 15.46 + 12.24 — —
Pungentella porosa Om, 9.86 & 5.68 — —
Pungentus angulatus Om, 12.6 £9.83 2.60 £1.35 —
Thonus cylindricus Omy, 14.24 £+ 8.38 13.50 + 8.45 —
Thornenema mauritianum Omy 22.54 + 16.38 15.68 + 8.54 —

Table 4.
Abundance of omnivores species in three zones of coal mine region of district Sonebhadra Uttar Pradesh.

Nematode species Functional Mean + SD (abundance)
guild
Predators Zone ‘A’ Zone ‘B’ Zone ‘C’
Undisturbed forest (site for Spoil of Active site of
advance quarry) median age mining
Actinolaimus armatus Cas 12.22 £ 5.64 4.68 £2.52 —
Actus minutus Cay 11.22 + 6.42 6.86 + 6.36 —
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Nematode species Functional Mean + SD (abundance)
Predators guild Zone ‘A’ Zone ‘B’ Zone ‘C’
Undisturbed forest (site for Spoil of Active site of
advance quarry) median age mining
Aporcelaimellus tropicus Cay 22.60 £+ 14.38 15.50 £ 8.46 —
Aporcelaimellus heynsi Cay 12.68 + 8.42 — —
Aquatides minutus Cas 4.23 £ 6.69 9.40 £6.53 —
Clarkus sheri Cay 9.68 + 4.38 — —
Discolaimodes bulbiferus Cas 16.46 + 10.26 14.84 £5.21 —
Discolaimus major Cas 12.45 + 8.62 15.60 + 8.64 —
ITotonchus monhystera Cay 10.12 + 5.36 6.18 +2.48 —
Totonchus indicus Cay 15.99 + 8.59 421+ 3.26 —
Tronus dentifurcatus Cay 18.62 +9.96 8.64 +4.42 —
Laimydorus papillatus Cay 16.45 & 4.66 — —
Laimydorus baldus Cay 22.68 + 6.68 15.21 + 8.62 —
Michonchus rectangularis Cay 14.44 + 8.64 11.64 + 6.30 —
Mononchoides longicauda Cay — 0.25+3.36 —
Mulveyellus jairi Cay 9.66 + 3.36 1.89 +£2.06 —
Mylonchulus contractus Cay 23.45 + 14.64 15.24 +11.42 —
Mylonchulus viasis Cay 26.20 4+ 18.46 16.54 + 8.44 —
Neoactinolaimus thornei Cas 6.48 £+ 5.36 3.05 4258 —
Nygellus subclavatus Ca, 16.28 + 6.66 6.26 + 5.88 —
Nygolaimus timmi Cas 8.35+ 6.45 2.83 +£1.26 —
Prionchulus muscorum Cay 8.32 + 4.32 — —
Solidedens bisexualis Cas 6.64 +7.38 4.21 +£2.36 —
Sporonchulus ibitiensis Cay 25.68 + 44.61 10.58 + 13.60 —
Sporonchulus Cay 18.68 + 12.68 5.36 £3.36 —
vagabundus
Tripyla glomerans Caz 24.35 +18.38 32.26 +22.42 —
Tripyla arenicola Caj 31.24 £24.24 20.25 +£12.24 —

Table 5.
Abundance of predator species in three zones of coal mine region of district Sonebhadra Uttar Pradesh.

Type Area ‘A’
Non minning forest

Type Area ‘B’
Spoil of median age

Type Area ‘C’

Active site

of mining
Genera (total count) 109 104 2
Species (total count) 114 110 3
Individuals 1748.63 + 163.18 983.80 £+ 120.24 0.42 +0.37
(1576-1859) (748.57-1168.74) (0.08-0.42)
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Type Area ‘A’ Type Area ‘B’ Type Area ‘C’

Non minning forest Spoil of median age Active site

of mining
Margalef diversity 16.17 £ 0.35 (15.58-16.79)  15.11 + 0.59 (14.23-16.23) —
Menbhinick diversity 3.92 + 0.35 (3.63-3.95) 3.43 £ 0.43 (2.85-3.98) —
Simpson dominance 0.01 & 0.00 (0.01-0.01) 0.01 4 0.00 (0.01-0.01) —
Inverse Simpson dominance 91.14 £ 3.25 (82.25-96.35)  67.50 + 7.33 (54.32-76.15) —
Hill’s effective index 98.23 + 2.43 (97.24-99.89) 75.64 + 4.90 (65.18-77.89) —
Shannon diversity 4.58 + 0.45 (3.97-5.65) 4.32 + 0.44 (3.54-4.88) —
Simpson diversity 0.99 £0.00 (0.99-0.99)  0.99 4+ 0.00 (0.99-0.99) —
Brillouin diversity 4.51 + 0.65 (3.85-5.78) 4.19 + 0.34 (3.50-4.60) —
Sheldon Index 0.82 + 0.00 (0.82-0.82) 0.72 £ 0.00 (0.72-0.72) —
Heip Index 0.82 £+ 0.00 (0.82-0.82) 0.72 £ 0.00 (0.72-0.72) —
Maturity Index (MI) 3.46 + 0.26 (3.36-3.87) 2.96 + 0.50 (2.87-3.12) —
Plant Parasitic Index (PPI) 0.78 + 0.09 (0.50-1.25) 3.26 £ 0.23 (2.00-3.65) —

Trophic Diversity Index (TDI) 1.17 £ 0.02 (1.06-1.32) 1.09 &+ 0.04 (1.04-1.25) 1.00 £ 0.00

(1.04-1.25)
Nematode channel ratio (NCR %)  0.40 + 0.02 (0.35-0.72) 0.68 + 0.02 (0.62-0.73) —
Structure Index (SI) 68.23 + 10.20 (58.30-77.43) 45.15 =+ 5.85 (40.68-52.68) —

Enrichment Index (EI) 12.62 + 4.66 (7.65-32.25)  22.62 + 12.58 (16.53-64.65) 9.54 £ 1.54

(9.50-10.56)

Basal Index (BI) 41.28 +12.30 (32.04-62.05) 57.29 + 8.10 (44.24-67.35) 74.46 £+ 3.25

(70.13-78.16)

Channel Index (CI) 0.31 4 0.40 (0.25-0.84)

0.54 + 0.42 (0.50-1.24)

Table 6.

Ecological pavameters of nematode population in three zones of coal mine region of district Sonebhadra Uttar

Pradesh.

4.3.2 Zone ‘B’

4.3.2.1 Trophic groups

Bacterivores (bacteriophagous): Of the 29 bacterivore species recorded (Table 2),
five most abundant species were Alaimus primitivus, Achromadora indica,

Mesorhabditis vernalis, Acrobeles cylindricus and Ceratoplectus armatus.

Fungivores (mycophagous): Seventeen fungivore species were recorded
(Table 3), among which five most abundant ones were Aphelenhoides composticola,
Aglenchus agricola, Filenchus mivcodorus, Dorylaimoides constrictus and Aphelenchus

avenae.

Herbivores (plant parasites): Of the 21 herbivore species (Table 4), five most
abundant ones were Helicotylenchus dihystera, Paratylenchus similis, Hoplolaimus
indicus, Tylenchorynchus striatus and Xiphinema americanum.

Ommnivores: The five most abundant species among the 15 omnivore species
(Table 5) were Mesodorylaimus indicus, Labronema baqrii, Thornenema mauritianum,

Labronema deoriaensis and Thonus cylindricus.
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Figure 6.
Percentage biomass of the different trophic groups in the three different zones of coalfield region.

Predators: Of a total of 22 predator species (Table 6), the five most abundant ones
were recorded as Tripyla glomerans, Tripyla arenicola, Mylonchulus vasis, Discolaimus
major and Aprocelaimellus tropicus.

4.3.3 Zone ‘C
4.3.3.1 Trophic group

Bacterivores: In Zone ‘C’ only three species were reported from bacteriovores
(Table 2) viz., Mesorhabditis vernalis, Mesorhabditis minuta and Acrobeloides nanus.

4.4 Biomass

The relative biomass of different trophic groups (Figure 6) varied in three zones
and are as follows:

Zone ‘A’ The highest biomass was of predators, that is, about 36% of the total
nematode biomass and the lowest,that is, 8% was constituted by bacterivores. Omni-
vore species showed 32% biomass followed by herbivores (13%) while fungivores
constituted 11% of the total nematode biomass. The total nematode biomass in this
Zone was calculated to be 6162.99 pg in 100 g. of soil.

Zone ‘B’ The nematode biomass demonstrated similar trends in Zone ‘B’ compared
to Zone ‘A’. The highest biomass was of predators that is, 37% of the total nematode
biomass while herbivores constituted the lowest 13%, omnivores constituted 21%
followed by bacterivores (15%) and fungivores (14%) of the total nematode biomass.
The total nematode biomass in this Zone was estimated to be 3438.93 pg in 100 g of
soil.

Zone ‘C: In Zone ‘C’ there were only three bacterivore species that constitute
nematode biomass. The total nematode biomass in this Zone was estimated to be
2.37 pg in 100 g of soil.

5. Diversity indices

Diversity indices and nematode maturity indices were calculated for each zone to
assess the diversity of nematode species and maturity of soil ecosystem.
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5.1 Margalef index (species richness)
In Zone ‘A’ the Margalef species richness index was found to be 16.17 & 0.35 (15.58—

16.79). Zone ‘B’ was calculated to be 15.11 & 0.59 (14.23-16.23) and in Zone ‘C’, where
only two species were recorded, the index was incalculable (Table 7 and Figure 7).

5.2 Menhinick index (species richness)

Menbhinick diversity, a measure to compare the species richness, was calculated to be
3.92 + 0.35 (3.63-3.95) in Zone ‘A’, in Zone ‘B’ it was found to be 3.43 £ 0.43 (2.85-
3.98) and the Menhinick index was incalculable for Zone ‘C’ (Table 7 and Figure 7).

Characteristics Mining sites
Zone ‘A’ Zone ‘B’ Zone ‘C’
Undisturbed forest Spoil of Active site
(site for advance quarry) median age of mining
<2.0 mm (gravel) 9.00 £ 0.92 13.00 +1.80 20.00 £2.15
2.-0.2 mm (sand) 63.00 £ 3.50 72.00 £ 5.24 88.55 + 6.54
0.2-0.1 mm (silt) 13.00 £1.23 10.00 £+ 0.24 3.00 £1.26
<0.1 mm (clay) 8.10 £1.45 7.80 £1.25 3.20 £ 1.56
pH 6.54 + 0.02 6.82 + 0.02 5.45+0.26
Bulk density 125+ 0.18 1.26 £ 0.08 1.75 £ 0.16
Natural moisture content (%) 12.20 £2.26 11.60 £ 0.28 6.2 4+ 0.25
Porosity 46.27 £2.25 42.62 £2.65 33.65 £ 2.66
Water holding capacity 53.00 £ 0.92 52.00 +2.65 24.84 £3.25
Soil organic carbon (mg C/g) 3.45+0.024 2.38 +£0.028 ND
Total soil N (pg N/g) 2456.63 + 148.34 194.94 + 25.46 ND
Exchangeable K g P/g spoil 271.95 + 6.74 16.96 +2.35 ND
Electrical conductivity ms/cm 0.05+.01 0.33+£0.01 0.65+0.01
Table 7.

Abiotic parameters in three zones of coal mine region of district Sonebhadra Uttar Pradesh.
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Figure 7.
Comparison of species diversity indices in three selected zones.
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6. Evenness indices

The values for both the evenness indices (Sheldon and Heip indices) were
observed to be the same for the two Zones ‘A’ and ‘B’ and calculated to be 0.82 = 0.00
(0.82-0.82) and 0.72 + 0.00 (0.72-0.72), respectively. For Zone ‘C’ the values were
inestimable (Table 7).

7. Maturity index

In Zone ‘A’ where there was the least disturbance, the MI was highest and a mean
value of 3.46 £ 0.26 (3.36-3.87) was observed representing the structured soil eco-
system. Zone ‘B’ which represented coal mine-managed spoil of 21 years period,
showed an MI equal to 2.96 + 0.50 (2.87-3.12) while in Zone ‘C’ MI was incalculable
(Table 7 and Figure 7).

8. Plant parasitic index (PPI)

In Zone ‘A’ the PPI was calculated to be 0.78 & 0.09 (0.50-1.25) whereas in Zone
‘B’ the PPI value was 3.26 & 0.23 (2.00-3.65). The PPI and MI showed an inverse
correlation (Table 7 and Figure 8).

9. Trophic diversity index

The value of trophic diversity index of Zone ‘A’ was 1.17 £ 0.02 (1.06-1.32), while
those of Zone ‘B’ and Zone ‘C’ were 1.09 =+ 0.04 (1.04-1.25) and 1.00 & 0.00 (1.04-
1.25), respectively (Table 8 and Figure 8).
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Figure 8.
Comparison of MI, PPI, and TDI in three different zones of coal mine region.
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10. Weighted faunal analysis

The indices calculated depended on weighted nematode indicator guilds [1, 12] to
assess the level of organic enrichment (EI), the decomposition pathways (CI)
(Table 8 and Figure 9), the basal/minimal level of resource utilization (BI) and the
structured status or stability of ecosystem (SI). In Zone ‘A’ the structure index (SI)
was highest i.e., 68.23 + 10.20 (58.30-77.43), while in Zone ‘B’ the SI value was
calculated to be 45.15 & 5.85 (40.68-52.68) and in Zone ‘C’ the SI was zero. On the
contrary, the enrichment index (EI) was calculated to be 12.62 £ 4.66 (7.65-32.25),
22.62 + 12.58 (16.53-64.65) and 9.54 + 1.54 (9.50-10.56) in Zone ‘A’, Zone ‘B’ and
Zone ‘C’, respectively. The values of basal index (BI) for three different Zones were
74.46 +3.25 (70.13-78.16) in Zone ‘C’ followed by value of 57.29 + 8.10 (44.24-67.35)
in Zone ‘B’; lowest value of BI was observed in 41.28 £ 12.30 (32.04-62.05) in Zone
‘A’. The values of channel index (CI) in Zone ‘A’ and Zone ‘B’ were 0.31 &= 0.40 (0.25-
0.84) and 0.54 + 0.42 (0.50-1.24), respectively while CI was incalculable in Zone ‘C’
(Table 8 and Figure 10).
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Figure 9.
Comparison of CI and NCR in three different zones of coal mine region.
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Figure 10.
Comparison of SI, EI, and BI in three different zones of coal mine region.
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Figure 11.

Faunal profiles representing the food-web condition in velation to its structure (SI) and envichment (EI) as
indicated by the “weighted faunal analysis” (mean + SE).

In faunal ordination graph between structure index and enrichment index, it was
observed that in Zone ‘A’ the mean values were placed in quadrat ‘C’ whereas the
mean values for Zone ‘B’ were at the interjunction of quadrat ‘A’ and quadrat ‘C’. In
Zone ‘C’ the soil had almost no vegetation, low nutrient, and very little organic carbon
(Figure 11).

11. Correlations among different variables

The Principal component analysis (PCA) was carried out and a correlation circle
was retrieved (Figure 12), which depicted the correlations among various variables.
Structure index (SI) showed a positive correlation with number of bacterivores
species (r = 0.98, p < 0.05), fungivores (r = 0.99, p < 0.05), and herbivores (r = 0.99,
p < 0.05), omnivores (r = 0.94, <0.05) and predators (r = 0.99, p < 0.05). Almost all
the trophic groups showed a positive relationship with SI. Structure index also showed
a positive correlation with PPI (r = 0.99, p < 0.05), pH (r = 1.00, p < 0.05), TDI
(r=0.96,p < 0.05), NCR (r = 0.93, p < 0.05) and MI (r = 0.99, p < 0.05). SI also
depicted low positive relationship EI (r = 0.56, p < 0.05) and strong negative correla-
tion with CI (r = 0.99, p < 0.05) and BI (r = —0.94, p < 0.05). EI showed strong
negative correlation with CI and Bl all at (p < 0.05). All trophic groups showed a
positive correlation among themselves (p < 0.05) and also with PPI, pH, and MI.
Among the trophic groups, only bacterivores showed robust positive correlation with
EI (r = 0.70, p < 0.05). EI did not show any correlation with PPI, nonsignificant
correlation with SI and significant positive correlation with MI. Soil organic carbon
was significantly positively correlated with all trophic groups (p < 0.05) and show a
negative correlation with electrical conductivity, porosity, basal index and bulk den-
sity (Table 8 and Figure 13).

19



Nematodes — Ecology, Adaptation and Parasitism

1
L7
0.7%
Total soll nitroge:
0.s Bacterfovores sp
Flect . NCR
[ e ::::;ndnﬂmu -\ /’ o
/ - Herbivores sp.
0.2% L | Fungivores sp
= BI —=A}-— Water holding capacity
& — e ?\, Predatorysp.
% |- bulk density S pH
E 7 st |
& = MI
Sofl moksture
-0.2%8 ) Tolal organic carbon
-1
\- (&}
0.5 '\Tola Individuals
Omnivores sp.
Available phosphorus ——
078
-1
-1 0% 08 028 0 018 0s 078 1
F1(89.13 %)
« Active variables
Figure 12.
Biplot corvelation circle depicting the corvelation among the different variables.
p picang g
Biplot (axes F1 and F2: 100,00 %)
10
E
Total soil nitrogen
6 -~
Electrical conduetiviny RCR
4 ~ ~ Bacterlovores sp
i // Pm
B1 - > Herbivores sp.
}? : _"\ - % Fungivores sp
.- Ty A=~ WHC
2 e = Predators sp.
<3 — i
() il |
[™ P e
ZONE € i
bulk densiry -
2
-
%
Avallable phosphorus
8
-8 -6 -4 -2 1] 2 4 L]
F1(89.13%)
[~ Activevarables e Active observations |
Figure 13.

Variables (axes F1 and F2: 100.00 %)

Biplot ordination (PCA) of observation dates on trophic groups abundance in terms of species, total nematode
abundance and various other variables with vespect three different zones in coal mine region.

20



Beneath the Surface: Comparative Diversity, Abundance, and Bio-Indicative Capabilities...
DOT: http://dx.doi.org/10.5772 /intechopen.1003686

In Biplot ordination graph the three Zones can be clearly differentiated with
respect to biotic and abiotic variables and can be superimposed on the anthropogenic
disturbances to assess its impact.

12. Discussion

Human activities disturb the soil ecosystem and affect soil nematode diversity
[8, 23-25]. The effect is well reflected in present study where there is a significant
impact on below-ground soil biodiversity with special reference to nematodes. The
transition from aboveground plant heterogeneity in natural forests to extreme loss of
vegetation due to mining activities is reflected in the changed community character-
istics of soil nematodes and in their species diversity.

In Zone ‘A’, the number of species (species richness) was greater, but species
dominance was low while in Zone ‘B’, an intermediate value of species richness with
high species dominance of bacterial-feeders was recorded. These species viz.,
Achromadora porosus sp. n., Acrobeloides nanus and Acrobeles cylindricus showed
tolerance to environmental stress, seasonal anhydrobiosis and other anthropogenic
disturbances. Further, Zone ‘B’ represented the reclaimed 21 years old coal mine
spoil with some incorporation of amendments to enrich the soil thus another reason
for abundance of bacterivores. In Zone ‘C’ only three species were found viz.,
Mesorhabditis tenuhystera sp. n., Mesorhabditis vernalis and Acrobeloides nanus. As,
Zone ‘C’ was the active site for mining and with constant disturbances, the soil
was almost lifeless with no nutrients and the area simply represented old exposed
rocks mixed with coal dust having little organic carbon. The chemical residue
from blasting and heavy metal contamination from mining process hindered the
growth of plants and animals. The rhabditid species (¢p-1) found in active mining
Zone ‘C’, were enrichment opportunists and might have passively reached the active
mining site via wind, water or through phoresis [26]. However, their sustenance
showed their greater tolerance abilities towards mineral and industrial waste materials
[27]. Thus Mesorhabditis spp. demonstrated greater endurance. In unfavorable
periods, production of dauer larvae was the possible survival strategy for these
enrichment opportunists. Zone ‘B’, the relatively less disturbed site, might have ini-
tially shown the growth of zymogenous (fast growing) microflora on fossil organic
carbon that formed food for the microbivorous species, a condition also noticed by
Hanél [28] who reported the abundant populations of genera Acrobeloides and
Aphelenchoides. Zone ‘A’ consisting of natural wild forest, showed heterogenetic
topography, and the litter accumulation due to undulating surfaces, was the reason for
relatively high diversity and abundance of all trophic groups including bacterivores
with values of both Simpson’s index and Shannon’s index comparable to any natural
forest [23, 29-32].

Although there was not a major difference between the total number of species of
fungivores and herbivores in Zone ‘A’ and Zone ‘B’, the mean abundance of both the
trophic groups was much high in Zone ‘A’. Despite the fact that stable ecosystems like
Zone ‘A’ demonstrated species diversity and evenness, very often the species diversity
has been reported to be greater in habitats subject to intermediate levels of distur-
bance because stochastic, intermediate (partial) elimination of resources by distur-
bance leads to species-specific mortality allowing the co-existence of competitively
inferior species [33]. The combination of intermediate level of disturbance with
intermediate productivity levels demonstrated a peak in species richness, not only due
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to periodic decreases of competitively dominant species but also to increased niche
packing [34]. Structurally, complex environments thus provide more niches thereby
increasing species diversity [35]. In conformity with the earlier reports on increased
diversity at intermediate disturbance [36-38] and a positive relationship between
habitat complexity and species diversity [39-44], Zone B demonstrated similar status.
It showed an intermediate level of disturbances and the species diversity too was
somewhat closer to Zone A which represented undisturbed zone. Large mononchid
and large dorylaimoid nematodes with higher ¢-p values were mostly missing from
Zone ‘B’ (Table 5), except for Discolaimus major and Discolaimoides bulbiferous which
constituted the predator group along with another low ¢-p value predator and distur-
bance or enrichment indicator Mononchoides longicauda. Zone ‘C’ simply represented
bacterivore colonizers with ¢-p values 1 and 2. Thus the nematode community struc-
ture in the selected zones showed typical examples of maturity and species diversifi-
cation with respect to anthropogenic disturbances.

The maturity index of Zone ‘A’ Zone ‘B’ did not show much difference and could
well indicate the status of Zone ‘A’ as structured and mature type of ecosystem and
Zone ‘B’ as moderately structured and maturing type. Zone ‘C’ was obviously a highly
disturbed region because of mining activities. These results agree well with those
reported by Hanél [28] on coal mines.

The faunal profile results also corresponded with MI values of Zone ‘A’ and Zone
‘B’ as both reflected the dominant fungal decomposition pathways whereas Zone ‘C’
with disturbed and degraded food web demonstrated bacterial decomposition
channels.

Although the present study has provided some pertinent information related to
nematodes found in coal mine areas and the differences in nematode communities and
their gradual succession in different overburdens or spoils, a detailed discussion on the
role of individual species could not be done due to space constraint. Nevertheless, it is
clearly evident that nematode assemblages can be evaluated and can serve as excellent
tools for environmental monitoring or environment quality assessment. The study has
opened up avenues for more studies to be conducted in coal mine areas using nema-
todes as models. Also, future studies in this direction may further vouch for compar-
ison and may indicate any specificity or association of nematode taxa to coal mine
areas. Such information may also have predictive value about the specificity and
occurrence of species in degraded habitats, early successional and late successional
stages to undisturbed habitats and can be used in modeling and predicting future
changes in biodiversity and species interactions with land use changes.

13. Conclusion

In conclusion, this study highlights the significant impact of human activities on
soil nematode diversity, particularly in the context of mining activities. The transition
from natural forests to mining sites results in notable changes in soil nematode com-
munities and species diversity.

In Zone ‘A’, which represents undisturbed natural forests, there is a higher species
richness and lower species dominance among nematodes. In Zone ‘B’, which is a
reclaimed coal mine spoil with some soil enrichment measures, there is an intermedi-
ate level of species richness but a higher dominance of bacterial-feeders. These nem-
atode species in Zone ‘B’ exhibit tolerance to environmental stress and anthropogenic
disturbances. On the other hand, Zone ‘C’, an actively mined area with constant
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disturbances and little organic matter, contains only a few nematode species, primar-
ily enrichment opportunists with a high tolerance for mineral and industrial waste
materials.

The study also suggests that intermediate levels of disturbance, as seen in Zone ‘B’,
can lead to increased species diversity due to periodic decreases of dominant species
and increased niche packing. Habitat complexity, as observed in both Zone ‘A’ and
Zone ‘B’, also contributes to higher species diversity.

The maturity index values of Zone ‘A’ and Zone ‘B’ indicate structured and mature
ecosystems, while Zone ‘C’ represents a highly disturbed and degraded region due to
mining activities. The faunal profile results align with the maturity index values, with
Zone ‘A’ and Zone ‘B’ dominated by fungal decomposition pathways and Zone ‘C’
characterized by bacterial decomposition channels.

While this study provides valuable insights into nematode communities in coal
mine areas, further research is needed to explore the roles of individual nematode
species in these ecosystems. Nematodes can serve as excellent indicators for environ-
mental monitoring and assessing environmental quality. Future studies in this area
may reveal specific associations of nematode taxa with coal mine areas, aiding in
biodiversity modeling and predicting how species interactions change with land use
alterations. This research opens the door to a deeper understanding of the impact of
human activities on soil ecosystems and the potential for ecological restoration efforts.
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Abstract

Entomopathogenic nematodes (EPNs) are a distinct group of insect parasitic
nematodes widely used in biological pest control. Nematodes in Steinernematidae
and Heterorhabditidae have a mutual association with pathogenic bacteria of
Enterobacteriaceae family to kill insect hosts rapidly. In this book chapter, we would
like to address the effect of ecology, behavior, symbiosis, and parasitism of EPNs for
their entomopathogenic potential under field conditions in positive and negative way.
Hence, this chapter will focus on four objectives—(1) The impact of biotic and abiotic
factors in abundance, dispersal and persistence of EPNs, (2) the finding behavior of
EPNs, (3) EPN adaptation strategies for survival during stress conditions, and (4)
nature of nematode-bacterium symbiotic relationship and their role in killing insect
pests. Through a comprehensive literature review and analysis, this chapter will
contribute much to the existing knowledge on EPNs, emphasizing their ecological
significance and the potential implications for sustainable pest control practices.

Keywords: entomopathogenic nematodes, ecology, adaptation, parasitism, symbiosis,
Heterorhabditis, Steinernema, Photovhabdus, Xenorhabdus, biological control

1. Introduction

In the intricate tapestry of Earth’s ecosystems, countless organisms engage in a
relentless dance for survival and dominance. Among these, entomopathogenic nema-
todes, or nematode parasites, stand as fascinating actors in the theater of life. These
diminutive yet potent creatures have evolved remarkable strategies to navigate their
environments, exploit their host insects, and perpetuate their lineage. The chapter
before you embarks on a journey into the captivating world of entomopathogenic
nematodes, shedding light on their ecology, intricate adaptations, and their sinister
yet awe-inspiring parasitic lifestyle.

From the labyrinthine soil ecosystems to the leafy canopies of towering forests,
entomopathogenic nematodes have carved out niches as nature’s clandestine assassins.
Among the diverse insect-parasitic nematodes, entomopathogenic nematodes (EPNs)
are distinct and cooperate with insect-pathogenic symbiont bacteria to kill insect
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hosts. Nematodes in Steinernematidae and Heterorhabditidae have mutual associa-
tion with pathogenic bacteria Xenorhabdus and Photorhabdus, respectively. EPNs kill
insect hosts rapidly, usually within 48 hours of infection. Hence, they are being used
worldwide for the biological management of insect pests of crops [1]. Their intricate
interactions with their insect hosts, encompassing an array of nematode species and
diverse host organisms, have confounded scientists for decades. In this chapter, we
will unveil the enigmatic strategies these nematodes employ to locate, infect, and
ultimately consume their unsuspecting prey.

The story of entomopathogenic nematodes is a story of relentless adaptation. It
is a tale of microscopic creatures that have evolved an array of biological weaponry,
from lethal mouthparts to symbiotic bacteria, enabling them to thrive in a world rife
with challenges. Our exploration will delve into these adaptive marvels, providing
insights into the evolutionary arms race that has fueled their success as formidable
parasites. Yet, as we delve deeper into the world of entomopathogenic nematodes, we
will also uncover the paradoxical intricacies of parasitism. While they spell doom for
their insect hosts, these nematodes form intricate relationships with other organisms,
particularly symbiotic bacteria, which assist them in their gruesome task. The chap-
ter will unravel the symbiotic partnerships that sustain their parasitic lifestyle and
illuminate the complex web of life in which they are entangled.

As we embark on this journey through the ecology, adaptation, and parasitism
of entomopathogenic nematodes, we invite you to peer through the microscope and
into the miniature worlds they inhabit. Prepare to be captivated by their astonish-
ing strategies, awed by their adaptations, and intrigued by the profound ecological
implications of their parasitic existence. These small but remarkable nematodes have
much to teach us about the intricate balance of life on our planet.

1.1 Internal stress

During their free-living stage, entomopathogenic nematodes (EPNs) encounter
arange of internal and environmental stressors. The capacity to effectively navigate
these challenges assumes paramount importance in determining their success in
infection and subsequent survival [2]. Various attributes of EPNs come into play,
influencing their resilience in the face of both internal and external stressors, thereby
shaping their survival as infective juveniles (IJs) within the soil.

1.1.1 Oxidative stvess

Oxidative stress occurs when there is a disparity in the generation of reactive
species (RS), including reactive oxygen species (ROS) and reactive carbonyl species
(RCS), resulting from mitochondrial respiration and the antioxidant mechanisms of
the nematode and its host. Due to their high reactivity, RS can interfere with cellular
metabolism, and an overabundance or imbalance in their production can potentially
lead to cellular demise [3]. To mitigate the effects of RS, diverse mechanisms are
employed for detoxification, encompassing processes such as oxidation (e.g., facili-
tated by aldehyde dehydrogenases), conjugation (e.g., through interaction with glu-
tathione), or reduction (e.g., facilitated by aldoketoreductases) [4]. In Heterorhabditis
bacteriophora, 1] tolerance to H,0, exposure correlates with their lifespan in sand [5].
Nematodes produce numerous enzymes dedicated to neutralizing reactive oxygen
species (ROS) throughout their life cycle. While the effects of ROS and their detoxi-
fication mechanisms on Caenorhabditis elegans are well-documented, the influence
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of oxidative stress on the endurance of EPN infective juveniles (IJs) in soil is still not
fully understood and warrants further exploration [6].

1.1.2 Nutritional stress

Infective juveniles (IJs) are the non-feeding stage and instead rely on their
internal stored reserves of lipids, mainly triacylglycerols, and glycogen for their
survival. These lipids make up roughly 20 to 31% of the nematode’s dry weight. In
Heterorhabditis bacteriophora, the amount of unsaturated fatty acids accounts for 57%
of the total fatty acids. But Steinernematid species tend to have a higher amount of
saturated fatty acids, at times up to 70% of their total lipid content.

Among the 18 fatty acids detected in Steinernema species, oleic acid, stearic acid,
and palmitic acid decrease over time, showing that these fatty acids are used as pri-
mary energy sources by the nematodes. On the contrary, glycogen reserves range from
10 to 18% and they appear to deplete more slowly than lipids in early stage of IJs but
more quickly following lipid depletion. As a result, it is proposed that glycogen might
serving as an alternate energy source if lipid reserves in older IJs are exhausted [7].

2. Abiotic stress
2.1 Temperature

In temperate regions, Arctic, sub-Arctic, and high-altitude environments, nema-
todes that live in soil may experience temperatures below zero [8]. These organisms
can persist in these circumstances by either tolerating the ice that forms on the
exterior of their bodies (freezing tolerance) or by supercooling to prevent freezing at
subzero temperatures (freezing avoidance). Nematodes exercising freeze avoidance
technique perish when their bodies freeze. Supercooling is the capacity of an organ-
ism to maintain its body fluids in a liquid condition even at the temperatures below
the freezing point. This ability can be enhanced by the production of the cryoprotec-
tants such as trehalose and glycerol [8].

Entomopathogenic nematodes have been observed in polar regions, signifying
their capacity to endure subzero temperatures. Steinernematids have been identi-
fied in multiple locales across northern Europe and Canada, characterized by their
exposure to freezing climatic conditions. While Heterorhabditids have been isolated
in temperate regions, the mechanisms underlying their cold tolerance remain unelu-
cidated. Notably, Steinernema feltiae, S. anomali, and Heterorhabditis bacteriophora
exhibit resistance to freezing, with recorded lower lethal temperatures of —22, —14,
and —19°C, respectively [9].

It was also found that entomopathogenic nematodes can be cryopreserved using
liquid nitrogen. The strains used nowadays for commercial applications are active at
temperatures of 18 to 30 degrees [10]. However, some of the studies have shown that
the new isolates from temperate regions can also effectively kill insects at tempera-
tures ranging from 6 to 12°C [11].

2.2 Heat tolerance

Extreme temperatures, exceeding 32°C, have detrimental effects on various living
organisms, including nematodes [8]. Heat shock proteins are stress-related proteins
that play an important role in the survival of organisms at elevated temperatures.
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Genes related to the production of these heat shock proteins were highly conserved
across various species of EPNs and other free-living nematodes like C. elegans. The
most commonly studied HSP that has been detected is HP88 in H. bacteriophora [12].

2.3 Desiccation tolerance

Besides extreme temperatures, dry conditions can also have a negative impact on
the survival of the nematodes [13]. For movement and efficient survival of nematodes,
they require at least a thin film of water surrounding the body. But some of the stages
in their life cycle can withstand the absence of water for a prolonged period. This can
be possible by the process called anhydrobiosis, a type of cryptobiosis that is induced
by prolonged exposure to dry conditions. Anhydrobiosis is achieved by the gradual loss
of body water [14]. Besides, these nematodes also show some structural and behavioral
changes such as clumping and coiling to reduce the exposed cuticular surface area,
thus reduced the loss of water through the cuticle. While the specific biochemical
pathways of anhydrobiosis are unknown, it has been found that during a progressive
water loss process, the levels of trehalose and glycerol grow dramatically, while glyco-
gen and lipid levels are dropped. Glycerol and trehalose act as the protectants [13].

In cases of severe dehydration, entomopathogenic nematodes (EPNs) undergo
a process known as anhydrobiosis [15]. Anhydrobiosis is a reversible physiological
phenomenon where an organism can lose as much as 98% of its body water without
metabolic arrest, entering a state referred to as cryptobiosis. This concept was initially
described by Cooper and van Gundy in 1971 and further elucidated by Womersley in
1981. While EPNs are capable of achieving partial anhydrobiosis, characterized by
an approximate 80% reduction in oxygen consumption [16], they do not progress to
full cryptobiosis. Therefore, they are categorized as quiescent anhydrobiotes [16-18].
Desiccation, the process of drying out, initially prompts a temporary increase in EPN
metabolism before gradually slowing it down to levels below the normal metabolic
rate [16]. During this phase, there is a decrease in glycogen production, indicated by
the down-regulation of glycogen synthase (gsy-1), while the synthesis of trehalose
and glycerol from existing glycogen and neutral lipid reserves increases. These find-
ings have been supported by research from refs. [13, 15, 19-21]. Trehalose gradually
replaces water in cell membranes and plays a crucial role in preserving cell structures
and stabilizing proteins [14, 19, 20, 22]. In the case of S. feltiae, desiccation results
in a twofold increase in trehalose content [23]. Furthermore, desiccation induces
the expression of casein kinase (CK2), leading to the transcriptional activation of a
nucleosome-assembly protein (NAP-1) through physical interaction [15, 24, 25]. In
response to desiccation, EPNs also synthesize osmoregulant molecules (e.g., produced
by ALDH) and antioxidants (e.g., Gg., DESC47, HSP40), which may serve to provide
additional protection against damage caused by the drying process [15, 24, 25].

3. Biotic stress
3.1 Fungi

In fungi, nematophagous fungi are the common adversaries of nematodes, and
they are classified under different categories such as endoparasites, nematode trap-
ping, and parasites of cysts and eggs. If these fungi are present in the soil, this will be
detrimental to the survival and ability of infection of EPNs [26]. In order to protect
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themselves from these fungi EPNs employ several mechanisms including, high cruis-
ing moment of nematodes to evade the traps formed by the fungi secondly some EPNs
such as Heterorhabditids retain their second-stage cuticle until they enter the insect
body, thus protecting their body from fungal traps [27]. Third, EPNs can detect the
chemical signals from fungal traps and avoid those [28]. In addition, when the nema-
todes are encountered by the fungal traps, their defense system is activated leading to
the production of antimicrobial peptides through PRRs, thereby ensuring the efficacy
of EPN-based pest control strategies in the future.

3.2 Bacteria

Pathogenic soil bacteria can attach to the surface of the EPN, FLN, and plant para-
sitic nematodes (PPN) [29]. Main bacteria attacking these nematodes are Pasteuria sp.,
Kaistia sp., Lysinibacillus fusiformis, Entevobacter sp., Bacillus cereus, Klebsiella quasi-
pneumoniae, and Pseudomonas aeruginosa [30]. Endospore-forming bacteria have been
related to the reduction of virulence in EPNs. The immune response of EPNs to bacterial
agents remains unclear. In the case of C. elegans, which is a model organism often used
for studying nematode biology, pathogen attacks are detected through pattern recogni-
tion receptors (PRRs) that identify pathogen-associated molecular patterns and/or
disruptions in cellular homeostasis. This detection triggers both cell-autonomous and
non-autonomous responses. Understanding how EPNs identify and respond to various
pathogens may give important insights about target markers that might improve EPN
survival in soil [30].

4. Chemoreception behavior in entomopathogenic nematodes

Chemoreception in entomopathogenic nematodes plays a critical role in their sur-
vival, host-finding, and infection process. Chemoreception is the ability of organisms to
detect and respond to chemical stimuli in their environment. EPNs use chemoreception
to navigate through the soil in search of suitable insect hosts and to locate their hosts for
infection. Here is how chemoreception works in entomopathogenic nematodes:

4.1 Host location

EPNs are free-living in the soil, and they actively search for suitable insect hosts
to infect. To find hosts, they rely on chemical cues emitted by insects or decaying
organic matter associated with the hosts. These chemical cues may include volatile
compounds released by insect larvae, fecal matter, or other organic substances.

4.2 Movement toward host

Once the nematode detects the chemical cues associated with a potential host, it
exhibits positive chemotaxis, which means it moves toward the source of the attrac-
tive chemical stimuli. This helps the nematode to approach the host effectively.

4.3 Recognition and penetration

When an EPN reaches an insect host, it needs to recognize and penetrate the
insect’s body to initiate infection. The nematode uses chemoreceptors located on its
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mouthparts to sense specific chemicals on the insect’s surface, helping it to identify
suitable entry points, such as natural body openings or softer cuticle areas.

4.4 Infection

After penetrating the host, the EPN releases symbiotic bacteria from its gut into
the insect’s body cavity. These bacteria are responsible for producing toxins that kill
the insect and also help in breaking down the host tissues, creating a suitable environ-
ment for the nematodes to feed and reproduce.

Overall, chemoreception is a fundamental aspect of the biology of entomopatho-
genic nematodes as it allows them to locate, infect, and successfully parasitize their
insect hosts. Understanding the chemoreception mechanisms in EPNs can aid in the
development of more effective biocontrol strategies and improve their application in
agricultural and pest management practices.

4.5 Foraging strategies

Infective juvenile (J3) is the only free-living stage of EPNs which are non-feeding,
having thick cuticle, non-developing and non-reproductive stage called the dauer
stage. There are two major types of foraging strategies in IJs, ambush (surprise attack
by jumping on the host) and cruise (movement in the soil in search of host) [6]. The
actively moving hosts are attacked by ambush foragers, while sedentary hosts are
attacked by cruise foragers [31].

The EPN juveniles are attracted toward their host through volatile cues produced
by host insect such as CO, [32, 33], excretory products and fecal matters [34], Heat
[35], and pH gradient [36]. The EPN Juveniles are attracted to plant root diffusates also,
because such plant is considered [10] as habitat for the host insect [37, 38]. For example,
Heterorhabditis megadis which is attracted to plant diffusates when damaged by its host
insect beetle Diabrotica virgifera [39] and by weevil larvae Otiorhynchus sulcatus [37].

5. GPCRs

G protein-coupled receptors (GPCRs) also called as seven transmembrane recep-
tors which are located in the cell membrane of the nematode sensory structures.
Signal transduction in G protein-coupled receptors (GPCRs) is a complex process by
which extracellular signals are converted into intracellular responses. GPCRs are cell
membrane receptors that transmit signals from various ligands, such as hormones,
neurotransmitters, and sensory stimuli, to the inside of the cell [40]. Here is a general
overview of the signal transduction process in GPCRs [41]:

5.1 Ligand binding

The process begins when a specific ligand binds to the extracellular domain of a GPCR.
This binding induces a conformational change in the receptor, leading to activation.

5.2 G protein activation

Upon activation, the GPCR interacts with and activates a heterotrimeric G protein
complex located on the intracellular side of the cell membrane. The G protein consists
of three subunits: a, B, and y.
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5.3 G protein activation and dissociation

The binding of the activated GPCR to the G protein causes the exchange of GDP
(guanosine diphosphate) on the a-subunit for GTP (guanosine triphosphate), leading
to the dissociation of the a-subunit from the py-subunits.

5.4 Effector activation

Both the a-subunit and the fy-subunits can independently regulate downstream
signaling pathways. The a-subunit can directly interact with various effector proteins,
such as adenylyl cyclase or phospholipase C, depending on the specific GPCR and the
type of G protein involved.

5.5 Second messenger production

Activation of effector proteins leads to the production of second messengers,
such as cAMP (cyclic adenosine monophosphate) or IP3 (inositol trisphosphate),
depending on the pathway. These second messengers act as intracellular signal-
ing molecules that mediate the transmission of the signal to various downstream
effectors.

5.6 Activation of downstream pathways

The second messengers activate downstream signaling pathways that often involve
protein kinases, ion channels, and other intracellular effectors. These pathways
ultimately lead to changes in cellular responses, such as alterations in gene expression,
enzyme activity, ion channel conductance, and more.

5.7 Termination of signal

The duration of the signaling response is tightly regulated to prevent continuous
activation. The GTP-bound a-subunit of the G protein has intrinsic GTPase activity,
which hydrolyzes GTP to GDP, resulting in the inactivation of the a-subunit. Once
inactive, the a-subunit reassociates with the py-subunits to reform the inactive G
protein complex.

5.8 Receptor desensitization and internalization

Prolonged or repeated stimulation of GPCRs can lead to desensitization, where
the responsiveness of the receptor to ligand binding is reduced. This can involve
processes such as phosphorylation of the receptor by kinases, leading to recruitment
of B-arrestins that inhibit further G protein signaling. Additionally, the desensitized
receptor can be internalized into the cell through endocytosis.

5.9 Receptor recycling or degradation

Following internalization, the receptor can be either recycled back to the cell
membrane after ligand dissociation or targeted for degradation in lysosomes. The
recycling and degradation processes help regulate the availability of active receptors
on the cell surface.
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Overall, GPCR signal transduction is a dynamic and highly regulated process that
enables cells to respond to a diverse array of extracellular signals and adapt to chang-
ing environmental conditions. This process plays a pivotal role in various physiologi-
cal and pathophysiological processes throughout the nematode body. These GPCRs
will help in drug discovery and novel method of developing nematode resistance in
plants for nematode management in case of PPNs and effective in host finding for
beneficial nematodes like EPNs.

6. Insect parasitism and symbiosis
6.1 Parasitic potential of EPNs

After the application of EPNs in the field, their numbers decrease rapidly within
the first few days, followed by a more gradual decline over the course of a month,
influenced by several factors. Approximately 80 percent of the reduction in EPN
populations post-application can be attributed to factors such as dehydration and
exposure to UV radiation. Additionally, energy depletion caused by a lack of food
resources and the presence of antagonists has a minor but significant negative impact
on EPN survival once they are introduced into the field. For example, out of 1000 IJs
that are initially applied, only around ten of them are capable of effectively overcom-
ing these abiotic challenges and are available for insect biocontrol purposes. What
makes EPNs unique is their ability to achieve successful insect pest control with a very
small quantity of EPNs within 24-72 hours. Furthermore, this population can persist
for years through recycling mechanisms [10].

6.2 Host penetration by EPNs

The one percent population of EPNs is also subjected to the insect’s immune
system as part of the process for achieving successful insect biocontrol. The primary
role of the nematode is to effectively introduce symbiotic bacteria into the insect’s
hemocoel, which results in the successful elimination of insects through septicemia.
The insect employs various defenses to counter the entry of the nematode, including
behavioral, mechanical, and cellular responses. Typically, infective juveniles (IJs)
initially enter the insect’s body through natural openings such as the anus, mouth, or
spiracles. However, there is an exception in the case of Heterorhabditis, which, while
also using natural openings, can additionally pierce the insect’s cuticle with their
specialized tooth. This cuticle-piercing method allows them to gain entry rapidly,
typically within 30 minutes to 1 hour, as opposed to the conventional route, which
takes more than 3 hours to access the insect’s hemocoel [2].

6.3 EPNs breaking the insect mechanical barriers

When insects detect the penetration of infective juveniles (IJs) through their
cuticle, they exhibit aggressive behavioral defenses to avoid the nematodes. An exam-
ple of this can be seen in white grubs, which employ grooming behavior using their
rasters and legs, a behavior that can even result in the death of IJs [42]. Additionally,
the epi-cuticular wall of mealy bugs has been observed to act as a barrier against
Heterorhabditis nematodes. Furthermore, if the entry of EPNs through spiracles is
detected by insects, they utilize sieve plates to protect their spiracles and cuticular
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hairs as mechanical resistance tools against IJ entry. For instance, white grubs, which
possess long hairs, are capable of trapping IJs with these hairs [11]. Nevertheless, the
mechanical pressure exerted by the IJs assists them in breaking through the relatively
weak tracheolar wall of the insect [43]. Thirdly, although infective juveniles (IJs)
prefer to enter the white grub through its mouth, caterpillars employ their sharp man-
dibles to kill these nematodes. Additionally, the passage of IJs into the mouth of wire-
worms is restricted due to the narrow width of their mouths. Therefore, in the case of
most wireworms, houseflies, and leaf miners, IJs utilize the path provided through the
anus for entry. However, this preference for entry through the anus can pose chal-
lenges for IJs, particularly when the insect frequently defecates. Once the nematodes
successfully overcome these barriers, they enter the insect’s gut. Nevertheless, within
the foregut of the insect, gastric juices are produced, and these juices can result in the
mortality of approximately 40 percent of the nematode population [44].

6.4 EPN shattering peritrophic membrane to gain entry into host midgut

After escaping from the foregut, the nematodes find themselves in the insect’s
midgut, which contains structures like gastric caecae, malphigian tubules, and
midgut epithelium. This is where the discharge of waste materials with feces is
terminated. At this stage, the nematodes will attempt to move deeper into the insect’s
hemocoel. However, their progress is often impeded by the insect’s peritrophic
membrane [43]. This peritrophic membrane serves to delay the penetration of
nematodes into the insect’s hemocoel. Within the midgut of the insect, epithelial cells
secrete this chitinous envelope, which functions as an ultra-filter. Consequently, this
layer restricts the passage of particles larger than 20 nanometers, effectively prevent-
ing nematodes from reaching the hemocoel. Despite the obstacle presented by the
peritrophic membrane, Heterorhabditis and Steinernema can breach it by puncturing it
using a mural tooth and creating holes through the application of mechanical pres-
sure, given that the membrane is quite delicate. Additionally, hystolytic enzymes aid
the nematode in breaking down and tearing the peritrophic membrane [45].

6.5 A look on nematode-bacteria synchronized life cycle

Once the infective juveniles (IJs) reach the insect’s hemocoel, they undergo a
complete recovery from the diapause stage. At this point, the nematodes feel secure
and regurgitate their monospecific gut bacteria into the insect’s hemocoel. The life
cycle of these symbiotic bacteria becomes synchronized with that of their host. This
is exemplified by Heterorhabditis and its monospecific symbiotic association with the
Photorhabdus bacterium in their gut. Although host-restricted Photorhabdus bacteria
are typically transmitted maternally in Heterorhabditis through endotokia matricida,
the infective juveniles of these nematodes (J3), after recovering from diapause,
regurgitate their entire gut bacteria into the insect’s hemocoel as part of a selective
mechanism (to distinguish between P form and M form bacterial cells). They then
retrieve a portion of these bacteria, specifically the M form population, to form a per-
sistent biofilm in their posterior intestinal cells, INTIL and INT9R [46]. As a result of
both growth and the fresh adherence of bacteria, they form a mass consisting of more
than 50 cells, firmly attaching themselves to the intestinal lumen on the posterior
side of the nematode. Subsequently, these bacterial cells breach the gland epithelium
and invade the cytoplasm of rectal gland cells. Each rectal gland cell of the maternal
nematode contains at least one symbiont. These bacterial cells multiply within the
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rectal cells, resulting in around 10-30 vacuoles per cell, causing the rectal gland cells
to enlarge. In parallel, the next generation of pre-infective juveniles (pre-IJs) develops
inside the maternal nematode through a process known as endotokia matricida. These
pre-IJs typically consume the protoplasm of the mother and develop within her body
cavity. Meanwhile, the rectal gland cell undergoes lysis, and the vacuoles containing
symbionts from the rectal cells enter the body cavity of the mother. Once the bacterial
cells reach the maternal pseudocoelom, they attach themselves to the cardia of the
freshly formed infective juveniles (IJs) and multiply in this location. Eventually, they
reach the anterior intestine of the fresh IJs, which serves as their habitat for further
reproduction and multiplication through the intestinal lumen [47, 48].

6.6 How nematode escapes encapsulation?

Conversely, you might be curious about the role of the P form population of
bacterial cells, which will be discussed in the following paragraphs. Currently, both
the nematode and bacteria are located in the midgut of the insect. However, it has
been documented that it takes the nematode a minimum of 30 minutes to release the
bacteria after entering the insect’s hemocoel. In other words, the nematode has to con-
tend with the insect’s immune system for a brief period on its own. Once the infective
juveniles (IJs) are detected within the insect’s hemolymph, the insect’s immune sys-
tem initiates nematode encapsulation. This process involves the IJs becoming trapped
within melanin-hardened cellular capsules, which have been observed in orthoptera,
diptera, lepidoptera, and coleopteran insects [44]. Nematodes employ various strate-
gies, including evasion, tolerance, and suppression, to escape from encapsulation by
the insect’s immune system. Firstly, infective juveniles (IJs) of S. carpocapsae secrete
lipids that assist the nematode in evading recognition by the insect [49]. Secondly,
at least a significant minority population of Steinernema nematodes can tolerate
encapsulation and continue with their parasitic activities [50]. Lastly, sometimes,
nematodes use a tactic of confusing the insect by regurgitating bacteria just before
being encapsulated by the insect. This causes the insect’s immune system to prepare
for encapsulating the nematode, but the presence of bacteria goes unnoticed by the
insect, allowing the bacteria to start killing hemocytes without interruption [51].

6.7 How bacteria respond to insect immune system?

After being recognized by the host’s immune system, the bacteria undergo
hemocyte aggregation and subsequent nodulation, processes partially triggered by
eicosanoids. Photorhabdus and Xenorhabdus disrupt hemocyte aggregation and the
formation of nodules by inhibiting the activity of phospholipase A2, an enzyme
responsible for initiating the insect eicosanoid pathway. Additionally, Photorhabdus,
similar to many other gram-negative pathogenic bacteria, possesses a type III secre-
tion system (TTSS) that transfers effector proteins into the host’s eukaryotic cells.
One of these effectors, known as LopT, shields the cells by suppressing phagocytosis
and diminishing nodulation. While Xenorhabdus lacks a dedicated TTSS, it relies on a
flagellar TTSS for the secretion of lipase [52].

Lipopolysaccharide (LPS) is a significant component of the outer cell membrane
found in both Photorhabdus and Xenorhabdus. In Xenorhabdus, LPS exhibits cytotoxic
properties through its lipid A component, which binds to and damages insect hemo-
cytes. Additionally, LPS has the ability to inhibit phenoloxidase activity, thereby
suppressing melanization. In the case of Photorhabdus, the precise role of LPS is not
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entirely clear, but it may play a crucial role in countering antimicrobial peptides pro-
duced by the insect’s immune system [53]. Conversely, Xenorhabdus takes a different
approach by suppressing the transcription of insect genes responsible for encoding
antimicrobial peptides. In the early stages of infection, Photorhabdus produces a trans
stilbene antibiotic known as (E)-1,3-dihydroxy-2- (isopropyl)-5-(2-phenylethenyl)
benzene. This compound serves a dual purpose in combating the host’s immune
response and providing protection against microbial competitors by inhibiting
phenoloxidase activity [54].

Once they have successfully evaded the immune system, bacteria deploy various
toxins to eliminate their insect hosts. Among the most potent weapons in their arsenal
are the Tc (toxin complex) protein toxins. Tc proteins are high-molecular-weight
insecticidal toxins that can cause lethal effects in insects, even when ingested orally.
In the case of Photorhabdus, four distinct toxin complexes (Tca, Tcb, Tee, and Ted)
have been identified. Notably, Tca shares similarities with Bacillus thuringiensis’
d-endotoxin in its ability to disrupt the insect midgut epithelium [55]. In Xenorhabdus,
the counterparts of Tc proteins are referred to as Xpt (Xenorhabdus protein toxin) and
include XptA1, XptA2, XptB1, and XptC1l. Among these, XptAl plays a central role
in exerting insecticidal activity, while XptB1 and XptC1 are crucial for full virulence.
XptA1l possesses a unique “hollow box” structure that allows it to act as a receptacle
for XptB1 and XptC1 proteins, enhancing its ability to bind effectively to the host gut.
This cooperative action makes XptA1 a staggering 300 times more toxic to lepidop-
terous larvae when compared to its standalone potency. It is worth noting that the
mode of action of Xpt toxins in Xenorhabdus differs from the toxin system employed
by Bacillus thuringiensis. In other words, once bacteria bypass the host’s immune
defenses, they deploy Tc and Xpt protein toxins to target and kill their insect hosts.
These toxins have evolved to be exceptionally potent, often disrupting the insect’s gut
and causing lethal effects, with XptA1 playing a central role in the process. Unlike
similar toxins found in Bacillus thuringiensis, Xenorhabdus’s Xpt toxins employ a differ-
ent mechanism of action [56].

Both of these bacterial genera release extracellular, cytotoxic proteins known as
hemolysins. In Xenorhabdus, the xenorhabdolysin (C1) hemolysin stands out for its
extremely high virulence, capable of triggering apoptosis in both insect and mam-
malian cells. This cytotoxin is a crucial component for Xenorhabdus to achieve full
virulence. The role of hemolysins in Photorhabdus is somewhat less clear, as these bac-
teria can retain their virulence even without the secretion of hemolysins. Nonetheless,
Photorhabdus produces other toxins that serve as significant virulence factors [54].

In Photorhabdus, the toxins Mcf1 and Mcf2 (makes caterpillars floppy) play a
pivotal role in causing rapid loss of insect body turgor and ultimately death. Mcf1
accomplishes this by destroying hemocytes and the insect midgut through the
induction of massive apoptosis. Meanwhile, the exact site and mode of action of Mcf2
remain unknown. These toxins share strong homology with each other but diverge
at their N-termini, encoding different effector domains. These distinct effector
domains may enable them to target different sites within the insect. Additionally,
other Photorhabdus toxins are involved in damaging the insect gut. Photorhabdus takes
up residence between the basal membrane and midgut epithelium and expresses the
gut-active toxin Tca, along with PrtA, an RTX-like metalloprotease. Together, they
induce extensive programmed cell death of the midgut epithelium [57].

Beyond causing the demise of the insect host, these toxins may aid in bioconvert-
ing the insect tissue to provide nourishment for the developing nematodes. Numerous
virulence factors are engaged in the nematode-bacterial infection process. However,
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it remains unclear which mechanisms are universal and which are specific to nema-
todes, bacteria, or insect hosts. As new nematode species are being discovered, each
with its unique association with specific bacteria, more opportunities arise to uncover
the specificities involved in bacterial virulence.
7. Conclusion

Entomopathogenic nematodes exemplify the complexity of parasitic relationships
in nature. Their remarkable adaptations and multifaceted parasitism strategies have
far-reaching ecological implications, from influencing insect populations in natural
ecosystems to providing sustainable solutions for pest management in agriculture.
Understanding the ecology, adaptations, and parasitism mechanisms of EPNs is not
only a subject of scientific interest but also holds promise for the development of eco-
friendly pest control strategies.
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Chapter 3

Plant-Parasitic Nematodes and
Their Management: A Focus on
New Nematicides

Arley Rey Pdez

Abstract

Plant parasitic nematodes are microscopic organisms that inhabit soil and plant
tissues. Among such organisms, those of the genera Meloidogyne, Heterodera, Globodera,
and Pratylenchus spp., are the most harmful, as they affect more than 2500 different
species of plants, generating worldwide economic losses of over US$100 billion per
year. These nematodes constitute a notable threat to the country’s progress and food
security. Almost half of the global market for nematicides, which corresponds to US$
1 billion per year, is used to control these nematodes. Non-fumigant nematicides are
the most widely used in their control; however, many of them, such as carbamates and
organophosphorus, are banned by environmental protection agencies because of their
undesirable effects on non-target organisms. In the last 10 years, a new series of nema-
ticides have emerged with different mechanisms of action than the old non-fumigant
nematicides. Tioxazafen and fluazaindolizine are some of the latest new-generation
nematicides that have come on the market. The rational design of new nematicides
through in silico approaches combined with studies of the genetics and biochemistry
of these microorganisms will help to better understand their management and control,
aiming to reduce the environmental impact caused by the irrational use of nematicides.

Keywords: plant parasitic nematodes, root-knot nematodes, nematicide, tioxazafen,
fluazaindolizine

1. Introduction

According to the United Nations (UN), the global population will reach 8.5 billion
by 2030 [1]. As a result, the World Bank projects that food consumption will rise by
60-80% [2]. Although the Food and Agriculture Organization of the United Nations
(FAO) has as one of its goals to end world poverty, the fact is that food security has
been declining rapidly since 2015 [3]. Agricultural pests are clearly one of the many
elements leading to a country’s or region’s food security being undermined [4]. Pests
and plant diseases, according to the FAO, account for 40% of global food production
losses, amounting to more than US$250 billion each year [5]. As a result, dealing with
plant pests and diseases is critical to attaining higher agricultural sustainability and
security, particularly in the post-pandemic age.
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Although microorganisms play a vital role in agriculture, many of them act as phy-
topathogens, reducing agricultural yield seriously [6, 7]. Plant parasitic nematodes
(PPNs) are microorganisms that have a deleterious impact on the harvested of numer-
ous food crops such as soybean (Glicine max), corn (Zea mays), potato (Solanum
tuberosum), tomato (Solanum lycopersicum), rice (Oryza sativa) and carrot (Daucus
carota) [8, 9]. There are about 4000 PPNs species, but only a small number are linked
to economic losses owing to decreased agricultural yields, which are estimated to be
worth more than US$100 billion each year [10].

Because of their complex interaction with host plants, extensive host range, and
the degree of damage caused by infection, root-knot nematodes (RKNs), cyst nema-
todes (CNs), and root-lesion nematodes (RLNs) were at the top of the list of the most
economically important species [11]. Thus, Heterodera glycines, for example, has a
significant influence on the agricultural economies of the United States of America
(USA) and Brazil (Figure 1), since it affects one of the most important crops for
global protein and carbohydrate production: soybeans [11]. Currently, Brazil leads the
world in soybean production, with more than 114 million tons produced per year, fol-
lowed by the USA with 97 million tons per year [12, 13]. In the USA alone, economic
losses caused by H. glycines exceed US$1.0 billion per year [14].

Some of the approaches used to manage and control PPNs include resistant culti-
vars, crop rotation, biological management, and chemical compounds [8]. Chemical
methods are the most efficient and therefore most widely used in the management of
PPNs; however, many of the chemicals used are highly hazardous to human and envi-
ronmental health, including carbamates (CMs), organophosphorus (OPs), organic
halides, and pyridinylmethylbenzamides [15].

The arsenal of nematicides accessible for the management of PPNs has been
substantially restricted by current environmental protection laws. This has increased
demand for novel nematicides that are more selective, less toxic, and compatible
with sustainable agricultural guidelines. As a result, various nematicides have

Figure 1.
Geographical distribution map Heterodera glycines. The yellow areas and circles correspond to regions of the
world where the nematode is currently present. Source: EPPO global database (2023).
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been introduced to the market over the last decades. This is the case of tioxazafen,
Fluopyram, and fluazaindolizine, which are considered new-generation nematicides
as they are less toxic to mammals and the environment, suggesting that they have
mechanisms of action distinct from those observed for CMs and OPs types.

2. PPNs: overview

PPNs are microscopic and ubiquitous organisms that live in soil and plant tissues.
Despite their inability to travel great distances, anthropogenic actions can lead them
to be transmitted via contaminated plant material, soil, and agricultural machinery
[11]. In addition to preventing plant roots from absorbing nutrients, PPNs may make
plants more vulnerable to secondary phytopathogens such as fungi, bacteria, and
viruses [16].

Many agriculturally important PPNs are members of the Tylenchida order,
which includes endoparasites from the Heteroderidae and Pratylenchidae families.

The Heteroderidae family includes the most important agricultural genera: RKNs
(Meloidogyne spp.) and CNs (Heterodera and Globodera spp.). The family Pratylenchidae,
on the other hand, comprises migratory endoparasite RLNs (Pratylenchus spp.), with
over 60 species documented. All of the species in those genera are capable of infecting
over 3000 distinct plant species, making them a global threat [17, 18].

PPN, unlike free-living nematodes, have a hollow and protractile stylet that
allows them to pass through plant cell walls, but not the plasma membrane, enabling
them to feed on cell contents via the feeding tube that is solely connected with the
stylet [19]. PPNs release a cocktail of polymeric or non-polymeric effector proteins
that degrade and modify cytoplasmic components, causing the host cell’s physiology
and morphology to change [20]. The force for the nematode to feed on the cellular
contents is provided by a muscular pump in the basal nodes (metacorpus). In this
process, a complex plant-parasite interaction occurs, involving a sequence of recogni-
tion and response events that vary depending on the kind of parasite and host plant
[21]. Although many aspects of the pathogenesis process are unknown, it is evident
that acquiring this information is necessary for the creation of new and more effective
techniques of treatment and control.

3. Biology and parasitism of the main PPNs of agricultural importance
3.1 Root-knot nematodes (Meloidogyne spp.)

RKN are obligate biotrophic endoparasites that require a host plant to complete
their life cycle [20]. There are more than 90 species, but only a few have worldwide
agricultural value. The most damaging species include: Meloidogyne incognita,

M. javanica, M. hapla, M. enterolobii and M. arenaria [22]. They generally feed and
reproduce inside the roots of plants, where they promote the establishment of per-
manent feeding sites, which subsequently give birth to galls or root-knots. Because
these root-knots can be mistaken with those formed by other PPNs such as Nacobbus
aberrans and Subanguina radicicola, their identification and diagnosis are essential, as
Meloidogyne is generally more aggressive than the latter [22].

The RKNs life cycle starts when an adult female deposits their eggs (~500) in
gelatinous-textured sacs (egg masses) generated by six anal glands (Figure 2).
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Figure 2.

Schematic representation of the root-knot nematode life cycle. 1: Egg in development, 2: ]2 larvae entering root,
3 and 4: Swollen nematodes feeding in root, 5: Free male on the ground, 6: Mature female breaking through root
surface with egg sac.

This gelatinous sac is made up of glycoproteins, which, in addition to protecting the
egg, serve as a regulator of embryonic development by detecting changes in the tem-
perature and humidity of the environment. With the advance in feeding, the female
becomes more voluminous and the posterior section of her body is extended in such
a way that allows the egg mass to be exposed outside the root, thus forming the nodes
or galls [23]. The galls make it easier for microorganisms in the rhizosphere to come
in contact with the eggs; however, their gelatinous structure has been shown to have
antimicrobial properties that protect them from attack by microorganisms [24].
After embryogenesis, J1 undergoes the first molt (1° ecdysis), which will give birth
to the infective form known as the second instar juvenile (J2). When temperature
and humidity conditions are favorable, hatching of the eggs occurs, releasing the J2
nematodes. Unlike other PPNs, which require stimuli from plant roots for hatching,
Meloidogyne spp. hatching can occur with or without plant stimuli [25]. In the soil, J2
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carries out a pre-parasitic motile phase. During this period, it is susceptible to biotic
and abiotic stresses, surviving, before infecting a root of a susceptible host, at the
expense of its lipid reserves [26]. Meloidogyne spp. stages that can be discovered in the
soil include J2 and mature males. Although the mechanisms by which J2 finds a sus-
ceptible plant are not fully understood, it is known that plant root exudates contain
substances such as carbon dioxide, tannic acids, flavonoids, and volatile organic acids
that may regulate J2 arrival or leave events [27, 28]. In addition, PPNs can be attracted
by chemicals released during the attack by herbivores or insects. Thus, for example,

it has been shown in Tylenchulus spp. that they are more easily attracted to plants
infested by insect larvae than to non-infested plants [29].

J2 enters and migrates via the vascular cylinder of a vulnerable plant after pene-
trating very close to the root tip where there is a lack of completely developed endo-
dermis (elongation zone) [30]. During this action, the intermediate lamella softens
mechanically and enzymatically [31]. After traveling a short distance into the plant,
J2 becomes sessile due to the atrophy of its somatic muscle (except for the head). The
head is buried in the periphery of the vascular tissue cells (zone of cell differentia-
tion), where it feeds (through a feeding tube) on the protoxylem and protophloem
contents before the cells differentiate into specialized nurse cells known as giant
cells (GCs) [32]. After the establishment of a permanent feeding site, the nematode
becomes sedentary, growing significantly in size until it reaches maturity.

Although the mechanisms by which GCs are formed are not fully understood in
detail, it is known that, during feeding, parasites secrete effector proteins that modify
cell division events through reorganization of the cytoskeleton and signaling path-
ways [33]. This cocktail of effector molecules, which facilitate the establishment of
the feeding site, is mainly produced by the dorsal gland. Peptides, virulence factors,
p-1,4 endogluconases, polygalacturonases, xylanases, chorismate mutase, among
others, are some of the molecules that compose the biochemical arsenal of the RKNs
secretome [34].

The cell wall between the daughter nuclei is created in telophase during normal
plant cell division; however, in the creation of GCs, the cell splits without cytokinesis
and hence without cell wall development. This causes multinuclear GCs to form, as
well as the proliferation of other organelles such as endoplasmic reticulum, mitochon-
dria, and ribosomes [35]. These metabolic and physiological changes give GCs the
characteristics of metabolically active cells, with the inner growth of the wall form-
ing an extensive labyrinth network that increases the surface area of exchange with
the associated membrane of xylem vessels [36]. Although less visible, phloem sieve
components develop around large cells to ensure phloem continuity [37].

Compared with uninfected plants, tissue from RKNs-infected plants shows a sig-
nificant increase in the phytohormone auxin [38]. Auxins, like ethylene, have a role in
the formation of cell wall ingrowths by promoting the production of cell wall modify-
ing proteins as well as proteins implicated in acidic growth (proton pumps) [39, 40].
These and others evidence imply that the parasite’s modulation of this phytohormone
is a key factor in the creation of GCs. In addition to auxins, cytokinins, which are
involved in cell division, are elevated in infected tissue, suggesting that they may
actively contribute to the parasite-feeding site formation [41].

The plant defense system is also affected by the effector proteins controlling the
phytohormone pathway: salicylic acid (SA) and jasmonic acid (JA). In general, the SA
pathway protects against biotrophic and hemibiotrophic pathogens such as endopara-
sitic sedentary [42]. The JA pathway, on the other hand, is involved in plant defenses
against necrotrophic pathogens and leaf-chewing insects [43].
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The capacity of biotrophic and hemibiotrophic pathogens to modify plant defenses
is important to host tissue colonization success. The first line of activated protec-
tion against RKNs is the pathogen-associated molecular pattern (PAMPs) triggered
immunity (PTI) [44]. In response to the attack (PTI response), the plant triggers
the synthesis of reactive oxygen species (ROS), as well as the production of protein
kinases (MAPKs) and the activation of the JA and SA pathways [45]. SA regulates the
expression of several genes involved in the synthesis of proteins mediating the patho-
genic response, while the JA pathway regulates the expression of genes encoding for
proteins involved in the synthesis of thionin, defensin, and phytoalexin, among others
[45, 46]. The level of response and plant-parasite interaction seems to be influenced by
the type of plant, as well as by the type of parasite and its infective state [20].

After the establishment of the feeding site, J2 undergoes significant morphological
changes, including two successive molts (J3 and J4). Unlike ]2, these last two stages do
not feed, as they lack a functional stylet [47]. Under appropriate environmental con-
ditions and with sufficient food availability, J4 undergoes a final ecdysis, the female
acquires the classical pear shape (500 times the volume of J2) and the male is left free
in the environment. Before reaching full maturity, the cells of the genital primor-
dium of the female divide to give rise to the rectal glands, which will later secrete the
gelatinous material with which she will protect her eggs. On the other hand, the male
characteristics (testis and vas deferens) differentiate from the posterior end, where
they connect with the rectum [25].

It has been recorded that, within the genus Meloidogyne, there are three different
forms of reproduction. On the one side, there is the fertilization of oocytes by the
male (amphimixis), while, on the other hand, there is parthenogenesis, which can
be meiotic or mitotic. In the first case, there is a fusion of the pronucleus of an ovule,
generated by meiosis, with a polar body (automixis); while, in the second case, the
oocyte divides by mitosis, where one of the nuclei deteriorates and the other remains
to give rise to the embryo [48, 49].

As in CNs, sex chromosomes are absent, so sex is strongly influenced, at least in
parthenogenetic species, by environmental conditions as well as by host plant condi-
tions. Lack of food, overcrowding, extreme temperatures, and soil dryness are some
of the conditions that favor the development of males that reproduce by meiotic
parthenogenesis [50]. These males rarely fertilize females, and when they do, mitotic
parthenogenesis takes place without any fusion with the sperm nucleus.

3.2 Cyst nematodes (Heterodera and Globodeva spp.)

After RKNs, the CNs constitute the second group of sedentary endoparasites with
the greatest impact on world agriculture. Among the most important species are
Heterodera glycines, also known as the soybean cyst nematode (SNC); Globodera pal-
lida and G. rostochiensis, both known as potato cyst nematodes (PCNs); and, finally,
nematodes that attack cereals such as Heterodera avenae and H. filipjevi [22].

Like RKNs, the life cycle comprises an egg stage, four juveniles (J1,2,3,4), and
adults (male and female). However, there are important differences that will be
discussed below.

Unlike Meloidogyne, in CNs, the eggs may be retained in the female’s body, or,
depending on the species, deposited in a gelatinous sac. After their deaths, the female
body transforms into the cyst, which protects and holds the eggs inside. Depending
on its maturation stages, it can acquire different shades ranging from black-brown
to yellow. These color changes are known to be due to the activity of the enzyme
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polyphenol oxidases, which, in addition to catalyzing the hydroxylation of phenolic
compounds, also catalyze the polymerization of o-quinones on the cyst cuticle [51].

In the cyst, the embryo can remain for many years in a state of metabolic sus-
pension (dormancy stage) when environmental conditions are unfavorable. This
dormant state is essential for the survival and pathogenesis of the CNs. In general,
normal embryo development requires the action of internal signaling molecules,
which are regulated by biotic and abiotic conditions [52]. Not all species have this
dormancy stage in their life cycle; however, for those that do, it can be of two types
depending on the dormancy strategy used: quiescence and diapause. Quiescence can
be an obligate or facultative response to poor environmental conditions, which is
reversed when external conditions are ideal. On the other hand, diapause, which can
also be obligate or facultative, is a state in which development of the embryo (J1) is
completely arrested until the metabolic requirements are not satisfied, so that good
environmental conditions are not sufficient to reverse the process [53].

Although the egg may hatch spontaneously, there are, however, factors that
stimulate hatching. These may be environmental (temperature, soil moisture,
oxygen availability, etc.) or derived from root exudates [54]. The effects of such
factors on egg hatching vary between species of CNs [55]. The hatching of H. glycines
and G. rostochiensis eggs is partly dependent on factors derived from root exudates.
Terpenoids (glycinoeclepin A and solanoeclepin A, B), glycoalkaloids (a-solanine and
a-chaconine), metavanadate, picrolonic acid, and phenanthroline derivates, are some
of the factors identified in root exudates that stimulate egg hatching [56-58]. These
factors can be used as agrochemicals in the control of PPN, since they can be applied
in infested fields, stimulating the release of ]2 before planting the crop.

Although the exit of ]2 from the cyst constitutes the last stage of the hatching
process, it is known that for this to occur, changes in the permeability of the membranes
that cover the egg must take place. These changes are essential since they trigger the
activation of second messengers that promote the following stages of development,
such as the activation of metabolic pathways and J1 ecdysis [59]. Three membranes are
known to surround the egg. The inner one is formed mainly by lipids and is semi-per-
meable to water and small ions; the intermediate, constituted by chitin microfilaments
that give resistance and flexibility to the egg; and, finally, an outer one, is formed by
lipoproteins (vitelline layer), which are believed to be essential for egg fertilization [60].

Unlike RKNs, where J2 activation can occur before changes in eggshell structure,
in CNs, changes in eggshell membrane permeability are required for J2 activation.
Within the egg, the movement of the juveniles is reduced by the low turgor pres-
sure of the perivitelline fluid. It is mainly composed of the disaccharide trehalose
(a-D-glucopyranosyl 1-1, a-D-glucopyranoside), which not only serves as an energy
source for the nematode but also exerts a high osmotic pressure that reduces the
water content of the perivitelline fluid [61]. Reduction of the trehalose content, and
thus hydration (increased turgor pressure), is a prerequisite for egg hatching [60].
Although this is true for many species, there are others (i.e., Heterodera schachtii)
that, on the contrary, have a low osmotic pressure of the perivitelline fluid allowing
them to hatch under osmotic stress conditions [62]. Changes in the permeability of
eggshells to Ca** ions, modifications in their lipoproteins, as well as the presence
of zinc-dependent enzymes that mediate hatching, are other factors known to be
involved in such phenomena [61, 63]. After the first ecdysis, ]2 becomes metabolically
active and uses its stylet to exit the egg. Once out of the egg, it is believed that it leaves
the cyst through the hole generated by the detachment of the head from the female’s
body once it has reached full cyst maturation [64].
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Free in the soil, J2 is vulnerable to environmental conditions, so it must find a suit-
able root host plant before its lipid reserves are depleted. Under optimal conditions,
localization time for G. pallida and G. rostochiensis has been estimated between 6
and 11 days [65]. In soil, ]2 must orient in a three-dimensional matrix, responding to
changes in the gradient of a wide variety of physical and chemical stimuli (i.e., CO,,
temperature, pH, redox potential, ethylene, phytohormones, etc.). Some are primar-
ily involved in orientation, while others are in root attraction. It is generally accepted
that these signals are perceived through amphids [66].

Once J2 reaches the root of a susceptible plant, it enters through the elongation
areas of the root tip, as described for Meloidogyne spp. As in RKNs, penetration
enzymes such as cellulases $-1,4 endogluconases are produced; however, there isa
difference in their entry into plant tissues, as in CNs the movement is intracellular,
while in RKNs it is intercellularly [67]. In CNs, the permanent feeding site is known
as a syncytium (composed of about 200 cells). As in RKNs, its formation is a complex
process that requires the presence of effector proteins modulating the plant-parasite
response. At first, the parasite introduces its stylet into the initial syncytial cell (ISC)
in order to evaluate the type of response. When the response is unsatisfactory (cover-
ing the stylet by callose), the nematode withdraws its stylet to continue trying with
another cell close to the one initially selected. Once the ISC is selected, the maturation
process of the syncytium begins, which will become its feeding site for life [68].

In general, the process of syncytium formation is a highly complex process,
which, as in RKNs, involves changes in gene expression in both the plant and the
nematode. After 7 hours of ISC preparation, the sub ventral glands atrophy while the
dorsal gland becomes more active [69]. The stylet is then removed from the ISC and
reintroduced. It is at this point that the effector proteins contained in the dorsal gland
are released into the cytoplasm of the ISCs [68]. As mentioned above, the secreted
proteins have the function of establishing syncytium, which is facilitated by the
dissolution of the cell wall separating adjacent cells from the ISC [70]. In Arabidopsis
thaliana, it has been observed that J2 of H. schachtii can select procambial or cambial
cells for ISC formation. In the first case, the syncytium extends to the xylem and
phloem vessels, whereas in the latter case, it maintains contact with the phloem
through companion cells [71, 72].

Syncytial cells, like GC in RKNs, undergo morphological changes. The nucleus
enlarges by endoreduplication, and the central vacuole breaks down and gives rise
to a large number of small vacuoles; on the other hand, the cytoplasm expands to
accommodate a large number of ribosomes, mitochondria, endoplasmic reticulum,
etc. [68]. In addition to these morphological changes, cells also experience metabolic
changes that involve the overexpression of genes that are part of primary metabolism.
These changes are influenced by effector proteins that modulate the transport and
function of phytohormones. Thus, for example, chorismate mutase, an enzyme
isolated from several PPNs and phytopathogenic fungi, is implicated in the initial
pathogenesis of infection since it is known to alter the shikimic acid pathway, which
is essential for plant-nematode interaction, since through it, precursors for auxins,
salicylic acid, and a wide variety of phenolic compounds are generated [72, 73].

After the establishment of the feeding site, the nematode develops to the adult
stage. The determination of males and females is influenced by environmental condi-
tions and the supply of nutrients from the host plant. Females, unlike males, have a
higher demand for nutrients, so their syncytia are larger than those formed by males.
As adults, males, unlike females, are mobile and leave the root to find and fertilize
a female. On the other hand, the female enlarges considerably to maintain the eggs
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(~600 inside the cyst and ~ 200 outside it) and thus restart the parasite’s life cycle,
which has been estimated at 4 weeks for H. glycines under favorable conditions [60].

3.3 Root-lesion nematodes (Pratylenchus spp.)

The RLNs are obligate biotrophic migratory endoparasites nematodes, without a
permanent feeding site. There are more than 90 species registered with a cosmopoli-
tan distribution. After RKNs and CNs, it is the third most important genus in agri-
culture. The species with the greatest agricultural economic impact are Pratylenchus
penetrans; P. thornei; P. neglectus; P. zeae; P. vulnus and P. coffeae [22].

As migratory endoparasites, they move intra- and inter-cellularly through the root
tissues, generating superficial cracking of the root with internal rotting of the tubers
that predispose to secondary infections by fungi and bacteria. Unlike the infections
generated by RKNs and CNs, where the galls and cysts are observed with the naked
eye on infested plants, in RLNs it is not easy to identify signs or symptoms that warn
about their presence [74].

Its life cycle is relatively simple. This can last between 3 and 6 weeks, depending
on the environmental conditions and the host. The eggs are deposited by the female
either in the soil, the roots, or the tubers. Like RKNs and CNs, J2 hatches from the
egg, which later develops through J3, J4, and the adult stages: male and female. All are
vermiform (worm-like), infective, and motile. This ability to remain mobile during
all phases of their cycle allows them to freely enter and exit the host plant [75]. Males
commonly reproduce by parthenogenesis, and in some species, they are frequent,
while in others they are not [76].

Like other PPNs, they are attracted to root elongation zones by different che-
motactic molecules released by the host plant. They have a short, robust, hollow-
mouthed stylet, which they use to break the plant cell wall by repeatedly pushing it.
J2 and J3 tend to feed on the root hairs; however, they can also do from the epidermal,
cortical, or stellar cells [77]. Prior to ingestion of the plant cell’s cytoplasmic contents,
the dorsal glands are activated to secrete effector proteins that accumulate in the
ampulla behind the buccal stylet. Feeding time can be short or last a few hours. In the
latter case the cell may die, however, during the brief feeding, the stylet is removed,
and the puncture site is sealed with no contents leaking out. Also, their intracellular
displacement is another cause of cell death even when feeding occurs for short periods
of time [78, 79].

Initial invasion is followed by the penetration of other nematodes, attracted by
compounds released from damaged cells. Migration together with the feeding points
generates brown lesions (necrotic areas,), which vary according to the type of host
plant and parasite species. This roam feeding behavior leads to loss of plant growth
and the appearance of leaf chlorosis and swelling and atrophy of the roots [80].

Although not all aspects of the biology of parasitism in RLNs are known, it is
known that many of the effector proteins are different from those produced by RKNs
and CNs. It is to be expected that, due to their migratory behavior and their intermit-
tent feeding, the arsenal of effector proteins to manipulate the response of the host
plant is less extensive than that of the sedentary endoparasites. Thus, for example,
no orthologous sequences have been found for effector proteins essential for the
establishment of infection in sedentary endoparasites such as 19C07 (auxin influx in
syncytium], chorismate mutase, 10A06 (antioxidant genes in syncytium), CLE pep-
tide, auxin, peptide hormones (CEPs), cytokinin, among others [74]. Iz silico studies
of alignment between conserved domains of effector protein sequences have shown
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that these are different among sedentary nematode species. Thus, for example, it has
been shown that among RLNs and RKNs, there are only a few effector proteins in
common, among which cysteine proteases, pepsin inhibitor-3, astacin, and a domain
of unknown function called DUF148 stand out. Although the function of this domain
is not clear, it is believed that it may be part of the SXP/RAL-2 (ANIS5) family of
proteins that bind cations such as calcium and magnesium [81].

Transcriptomic studies in P. thornei and P, coffeae have provided evidence of the
secretion of antioxidant enzymes such as superoxide dismutase, glutathione peroxi-
dase, and peroxiredoxin, which block the action of reactive oxygen species (ROS)
produced by the host plant. On the other hand, the resistance of some cultivars to
infection is due to the presence and accumulation of secondary metabolites; however,
due to their ability to move freely through plant tissues, many of the RLNs escape the
defense activities of the host plant [74, 82].

Like other nematode species, Pratylenchus spp. have acquired the ability to remain
in the anhydrobiotic state for long periods of time; however, their success rate is
moderate compared to other nematodes such as Dytilenchus dipsaci or G. rostochiensis
[83]. The rate of loss of soil moisture (dehydration), the stage of development of
the parasite, the presence of plant residues (root and stem), as well as genetic char-
acteristics, are some of the factors that affect the development of anhydrobiosis
of P. penetrans in dry soil [84]. Unlike J4, which is resilient, the other forms of the
parasite are sensitive to changes in soil moisture. Eggs, on the other hand, survive
changes better than motile forms of the parasite [85]. In addition to withstanding dry
soil, these can also survive freezing as anhydrobionts. The loss of water from their
bodies reduces the formation of ice needles that can pierce internal organ cells [86].
Although the reproductive capacity is not affected by anhydrobiosis, the reserve lipid
content is managed differently during this stage, since it has been shown that lipid
consumption is higher in females than in males [85, 87].

4. Management: a focus on new nematicides
4.10Overview

The management and control of PPNs are of crucial importance in agriculture
since many of them can endanger the food security of a country due to the loss of
productive yield of the crops. After the USA and China, Brazil is the third country
with the highest grain production in the world. According to the FAO [88], Brazil
leads world soybean production, with 134 million tons produced in 2021, 10% more
than that produced by the USA: ~120 million tons. It is estimated that 20% of soybean
production in Brazil is affected by H. glycines, which constitutes a phytosanitary
problem that generates economic losses of more than R$16 billion per year [89].

Although crop rotation, genetic improvement, and biological control are some
of the alternatives currently available for the management and control of PPNs
(Figure 3), chemical control is the most widely used method worldwide [90, 91]. In
developing countries, where access to agricultural technology is limited, and where
the cost-benefit factor is of paramount importance for the economy, the use of
agrochemicals is still the method of choice, due to their ease of implementation and
availability [92, 93].

Almost half of the global nematicides market, worth US$ 1.3 billion, is used to
control species of the genera Meloidogyne and Heterodera [94, 95]. However, with
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Figure 3.
Flow chart summarizing the different approaches that currently exist for the management and control of PPNE.

increasing requirements for food safety and environmental protection, several
nematicides are no longer considered suitable for modern agriculture, as there are
much data showing their high toxicity to the environment as a whole. For example,
the use of methyl bromide and 1,3 dichloropropene (fumigant nematicides) are
currently banned for the control of PPNs [96, 97]. On the other hand, non-fumigant
nematicides such as organophosphorus (OPs) and carbamates (CMs), are also
prohibited in many parts of the world, due to their high toxicity to humans and the
environment [98].

OPs and CMs owe their high toxicity to their low selectivity in their mechanism
of action, since they are reversible inhibitors of the cholinesterase enzyme (AChE).
This is because many are used as broad-spectrum pesticides (insecticides, acaricides,
nematicides, and rodenticides) and as chemical weapons [99]. Aldicard, carbofu-
ran, fenamiphos, and oxamyl are some of the OPs and CMs in which cholinesterase
inhibition of PPNs has been demonstrated. Since the concentration of nematicide
in agricultural soils is not high enough to kill nematodes, many of these compounds
exert a nematostatic function with temporary paralysis that interferes with host feed-
ing and egg hatching [100].

Although resistance has been reported under controlled laboratory conditions in
PPN, there are no proven examples in the scientific literature documenting dramatic
changes in tolerance to nematicides that lead to suspicions about the development of
resistance under field application conditions [100]. On the other hand, field resis-
tance to agrochemicals has been widely demonstrated in different species of agri-
cultural pests; however, it is believed that in PPNs the risk of developing resistance
under field conditions is theoretically unlikely [101]. The arguments supporting this
hypothesis are based on the application methods of nematicides and the ecological
behaviors of PPNs. These characteristics reduce the effects of selective pressure to
develop resistance, which can be overcome by the indiscriminate use of nematicides
with different mechanisms of action [102].

Despite the fact that the global market for nematicides is much smaller than that
of other agrochemicals such as insecticides (US$16.4 billion in 2019), fungicides
(US$13.4 billion in 2019), and herbicides (US$32.6 billion in 2019), the fact remains
that the market continues to grow despite strong regulatory rules limiting their use.
Thus, for example, in 2011 dividends were approximately US$1 billion; however, by
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2022 it was US$1.78 billion, an increase of approximately 43% [95, 100]. Post-modern
control of PPNs requires cost-effective and selective targeted control strategies that
meet the environmental safety demands of both growers and consumers. Thus, in the
last 10 years, new nematicides have emerged (Figure 4) with low persistence in the
environment and with selective mechanisms of action different from those of OPs
and CMs. Of these new nematicides, only fluopyram and cyclobutrifluram have a
currently known mechanism of action on PPNs [103, 104].

4.2 Fluopyram and cyclobutrifluram

Marketed as an active ingredient in Verango®, Velum® and Indemnify®,
fluopyram (N-[2-[3-chloro-5- (trifluoromethyl) pyridin-2-yl]ethyl]-2- (trifluoromethyl)
benzamide) is a new generation nematicide-fungicide developed by Bayer Crop Science
in 2012. Like fluopyram, cyclobutrifluram is a trifluoromethylpyridine developed
and pantented by Syngenta in 2013 and that is marketed under the names Vaniva®,
Tymirium®, and Victrato® [105]. Both interfere with the electron transport chain of
the mitochondrial system (complex II) through inhibition of the enzyme succinate
dehydrogenase (SDH). This mechanism has been reported for both PPNs and plant
pathogenic fungi [106].

In eukaryotic organisms, SDH catalyzes the oxidation of succinate to fumarate as
part of a mechanism to transfer electrons through the quinone pool. On the other hand,
in nematodes and anaerobic helminths, complex II is associated with another enzyme
that performs the reverse reaction (oxidation of reduced quinones) known as fumarate
reductase (FRD). This is an adaptation to low oxygen pressures that prevent completely
aerobic respiration. Such conditions are typical in intestinal nematodes; however, in
free-living nematodes such as Caenorhabditis elegans, FDR is present as well as SDH,
suggesting that FDR is an inducible enzyme under anaerobic conditions [107].

SDH consists of four subunits (A-D) that differ in structure and function.

Thus, for example, the SDHA sub-unit is the largest and is where the active site of

the enzyme is located. On the other hand, the SDHB subunit contains iron-sulfur
groups that mediate electron transfer to ubiquinone, which is located at the interface
between the SDHB, SDHC, and SDHD subunits. It is there that many SDHIs bind to
interfere with the catalytic activity of complex II [107]. Sequence alignments between
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Figure 4.
Chemical structures of new nematicides.
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sub-units of C. elegans and Meloidogyne spp. show that there is a high degree of simi-
larity [108, 109]. It has been shown in iz vitro studies that fluopyram binds to complex
IT of C. elegans with an inhibition constant (Ki) of 2.0 nM [110]. Additionally, it has
been possible to generate iz vitro, mutants resistant to fluopyram and other SDHI
[100]. Although more expensive than other SDHIs such as flutolanil and solatenol
(US$650/ha approx.), fluopyram is the only nematicide that is effective for both C.
elegans and PPNs [103, 111]. Studies on mammalian SDHs show that fluopyram has
little effect on the activity of these enzymes, suggesting that it is a compound that is
highly selective for nematode SDHs. These findings explain the toxicological profile
of fluopyram, which is considered, at moderate doses, safe for other life forms [110].

Compared to fluensulfone, fluopyram works fast-acting. At a concentration of
2.0 mg/L, 100% of the J2 of Meloidogyne incognita are immobilized after 24 h of
exposure in-vitro. At the same concentration, 48 hours are required for fluensulfone to
immobilize 100% of the nematodes [112]. The half maximal effective concentration
(ECs) required to immobilize J2s of M. incognita is 0.7 mg/L, which is comparatively
lower than that achieved by fluensulfone (50 mg/L) [100, 94]. Despite its strong
nematicidal activity against M. incognita, fluopyram is nematostatic against Heterodera
schachtii at a concentration of 20 mg/L [113]. It has also shown good in-vitro activ-
ity against R. reniformis and Ditylenchus dipsaci with visible effects after 2 hours of
exposure at a concentration of 5.0 mg/L and 3.0 mg/L, respectively [103, 114].

Unlike fluensulfone, abmectin, and aldicard, fluopyram has a poor ovicidal effect.
At a concentration of 2.5 mg/L, they have a slight effect on the inhibition of the hatch-
ing of M. incognita eggs [104]. On the other hand, an 81% reduction in the inhibition
of G. pallida egg hatching has been observed in vitro at a concentration of 5 mg/L.
However, they are easily recovered after washing. At concentrations greater than
50 mg/L hatching inhibition is achieved without recovery [115]. In greenhouse and
field trials on tomatoes, carrots, cotton (Gossypium hirsutum), potato, and soybean,
fluopyram has been effective at managing PPNs [116-118].

4.3 Fluensulfone

Fluensulfone (5-chloro-2-(3,4,4-trifluorobut-3-enylsulfonyl)-1,3-thiazole) is the
active ingredient of Nemitz®, a nematicide belonging to the group of fluroalkenyl
sulfones, used for the control of PPNs in a wide variety of agricultural crops [119].
First registered in the USA in 2014 [120], it was developed by ADAMA and Control
Solutions for Quali-Pro brand, in the past Makhteshim Agan Industries Ltd. It exists
in three commercial formulations, one for turfgrass (Nimitz® Pro G) and two for
horticulture: granules (Nimitz® 2% GR) and emulsion (Nimitz® and Nimitz®
480 EC).

Unlike OPs and CMs, fluensulfone is less toxic to humans and non-target organ-
isms. It is moderately toxic after oral exposure, and has low acute toxicity following
dermal application or inhalation in rabbits and rats [121]. The lethal dose via oral
administration (LDsy) in rats is 671 mg/kg body weight, which is five hundred
times safer than the old nematicides such as aldicard (1 mg/kg of body weight)

[122]. Despite the above, it has been reported to be toxic to aquatic organisms. Thus,
for example, the ECs for Daphnia magna is 0.35 mg/L after 48 h of exposure and
0.04 mg/L for Pseudokirchneriella subcapitata after 72 h of exposure [123]. In addition,
fluensulfone is phytotoxic, thus it should be applied 7 days before planting [124].
Unlike soil fumigants, there is no need for a limiting buffer zone, as the re-entry time
is essentially only 12 hours after application.

55



Nematodes — Ecology, Adaptation and Parvasitism

Although there are few studies that demonstrate the impact of fluensulfone on
free-living nematodes, it is known to be less toxic to C. elegans than to M. incognita
[125]. Unlike fostiozate, fluensulfone has been reported not to affect the biodiversity of
free-living nematodes [126]. In tests on turfgrass soil, fluensulfone has been observed
to have a lower impact on the density and biodiversity of free-living nematodes when
compared to fluopyram and abamectin; however, it reduced the green grass cover [127].

The immobilization in the form of a straight rod generated by fluensulfone when
applied to J2 differs from that produced by OPs, suggesting a different mechanism of
action than AChE inhibitors [128]. However, the exact mechanism of action on PPNs
remains unknown. Some hypotheses suggest that fluensulfone possibly inhibits the
enzyme acyl-CoA dehydrogenase, which is key in mobilizing lipids to obtain energy
[129]; however, others suggest that its mechanism of action may be related to that of
fluopyram [100, 103]. In insects, the difluoroalkenyl derivatives were found to inhibit
p-oxidation of fatty acids in the mitochondria [130].

Compared to OPs and fluopyran, fluensulfone produces a slower but irreversible
paralysis. In vitro tests show that after removal with water of fluensulfone from J2
Meloidogyne hapla exposed to 1.0 mg/L for 24 h, 90% remained immobile [131]. In
addition, J2 of M. incognita exposed for 17 h to 4.0 mg/L fluensulfone lost the ability
to infect lettuce seedlings after rinsing with water [112]. This loss of infective capacity
has also been reflected in the number of galls that form when plants are infected with
nematodes that have had fluensulfone removed with water.

Like other nematicides, the susceptibility of PPNs to fluensulfone depends on the
genus and species, even registering variations between the same species. In migrating
nematodes such as Ditylenchus dipsaci, Bursaphelenchus xylophilus, and Aphelenchoides
spp., it has been shown that they are more tolerant to fluensulfone than M. javanica
[132]. While J2 of M. javinica is immobilized at a concentration of 0.25 mg/L for
48 h, in B. xylophilus and D. dipsaci a concentration higher than 16 mg/L is required
for complete immobilization of these nematodes after 48 h of exposure [131, 132].
Among nematodes of the genus Meloidogyne, it has been seen that M. javanica is more
tolerant than M. incognita and M. hapla. Thus, for example, the ECs, for M. javanica
after 48 h of exposure is 0.83 mg/L; while for M. incognita and M. hapla itis 0.12 and
0.41 mg/L, respectively [100, 128]. Although its ovicidal effect is better than that of
fluopyram, it is limited, requiring concentrations greater than 50 mg/L for a 50%
reduction in hatching of M. incognita eggs; however, its effect is irreversible [115].

Currently, fluensulfone is approved for the control of different PPNs species
(Meloidogyne, Pratylenchus, Hoplolaimus, Globodera, etc.) in a wide variety of
crops such as tomato, potato, pepper, cabbage, squash, and strawberry, among others
[100, 133]. Depending on the number of nematodes (population density per gram
of soil), the type of crop rotation, and the presence of resistant plants, the average
application rate is between 1.9 and 3.3 kg/ha [100, 129]. There are different forms
of application; however, the most recommended are drip injection or broadcast by
mechanical incorporation with a single application 7 days before planting [129]. It
has been estimated that its half-life in soil is 36 days, with a dissipation rate (DTs) of
between 20 and 50 days, which can vary depending on the type of soil and environ-
mental conditions [134, 135].

4.4 Tioxazafen: seed nematicide

Registered in 2017 as a seed nematicide (NemaStrike™ ST), tioxazafen is a
phenyloxadiazole (formally 3-phenyl-5-thiophen-2-yl-1,2,4-oxadiazole) developed
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by Monsanto Company, now Bayer CropScience, for the management and control of
nematodes in cotton, corn, and soybean crops [136]. Unlike other nematicides, the
development of tioxazafen involved the use of i silico approaches such as compu-
tational screening, scaffold hopping, and ligand-based model. After evaluating the
nematicidal activity of different models of a series of stilbene, chalcone, and azoben-
zene compounds (SCA series), tioxazafen emerges as the best candidate for combin-
ing intrinsic efficacy, longevity in soil, and synthetic accessibility [137].

Although its mechanism of action is not known with certainty, it is hypothesized
that its nematicidal activity is due to ribosomal disruption. Polymorphism studies
on C. elegans mutants that are tolerant to high doses of tioxazafen have revealed that
resistance is caused by a single nucleotide change in the gene coding for the L3 subunit
of the mitochondprial ribosome [138]. On the other hand, iz silico studies of the
prediction of the target of small molecules through virtual screening, modeling, and
molecular docking indicate that another possible mechanism of action of tioxazafen is
through the inhibition of chaperone proteins [Arley, unpublished].

It is known through i vitro bioassays and X-ray crystallographic studies that
benzisoxazoles and oxadiazoles are potent selective inhibitors of Hsp90 chaperone
proteins [139, 140]. The Hsp90 protein is an essential chaperone in the folding of
several proteins known as clients such as protein kinases, transcription factors, and
hormone receptors, among others [141]. In nematodes such as Brugia pahangi, Brugia
malayi, Schistosoma mansoni, and Ancylostoma caninum, Hsp90 is essential for survival
inside the host [142, 143]. In C. elegans, Hsp90 is essential for larval development
(L2-L4) and nematode longevity, since its chaperone activity stabilizes the nuclear
transcription factor DAF-16/FOX, responsible for activating genes involved in longev-
ity, lipogenesis, oxidative stress, glycolysis, innate immunity, and reproduction [144].

Incorporated as an active ingredient in fungicide-insecticide formulations
(Acceleron®), tioxazafen has low water solubility (0.0125 mg/mL) and reduced
mobility in soil with an octanol/water partition coefficient (Log P) of 3.26. These
characteristics make tioxazafen a moderately lipophilic compound that, according
to estimates, has an ambient half-life of more than 100 days under aerobic condi-
tions [138]. According to in vitro and in vivo studies, tioxazafen and its derivatives
(thiophenic acid, benzamidine, etc.) do not pose any risk to terrestrial invertebrates,
amphibians, reptiles, pollinating insects, and aquatic plants. However, it has been
shown that consumption of tioxazafen-treated seeds can be harmful to birds and
some terrestrial vertebrates [145]. In tests using radiolabeled tioxazafen on soybeans,
the chemical was shown to be dispersed mostly in the root area without penetrating
the vascular tissues [137].

In studies in growth chambers and in the field, it has been possible to evaluate the
larvicidal and ovicidal power of tioxazafen, as well as its ability to inhibit reproduc-
tion and colonization of the host plant. The results suggest that tioxazafen exerts a
direct nematicidal action on PPNs at doses below those required for OPs and CMs
(50 mg/L) [136, 138]. The ECs, for M. incognita and R. reniformes has been estimated
to be approximately 60 mg/L after 24 hours of exposure. No recovery of motility was
observed after the removal of tioxazafen with water. In bioassays, its ovicidal power is
reached at concentrations above 3.0 mg/L [136].

Trials in growth chambers and greenhouses show that tioxazafen is an excellent
controller of several key nematodes when applied to seeds of soybean, corn, and
cotton. In field trials with corn and soybean cultivars conducted by the USA EUP
(Experimental Use Permit) in 40 locations that had nematode populations three times
greater than those needed to cause economically significant damage, it was observed
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that tioxazafen increased the productive yield more efficiently than those observed
for commercial use nematicides [137].

In Brazil, the nematicidal power of tioxazafen on Heterodera glycines, M. incognita,
M. javanica, P. brachyurus, and P. zae has been reported in soybean, corn, and cotton
crops [146]. According to the results, to achieve a control equal to or greater than that
of the positive control (imidacloprid + thiodicarb), 0.250 mg per seed is required
to control M. javanica and P. brachyurus; while for the control of H. glycines and M.
incognita, 0.500 and 0.750 mg per seed is required, respectively. When compared
to untreated plants, phytotoxicity experiments on house vegetation demonstrate
that tioxazafen has no effect on plant growth or biomass [146]. In tomato plants,
however, it has been discovered that its larvicidal effectiveness is dependent on the
concentration and species of PPNs, with Pratylenchus and Rotylenchus spp. requiring
alarger dose of the product [146]. Although the efficiency of tioxazafen has been
widely demonstrated both iz vitro and in field studies, since 2020 tioxazafen has been
voluntarily withdrawn by the manufacturer; however, tioxazafen is easily accessible
synthetically, which is why it continues to be used in research on the rational design of
bioactive compounds [136, 147].

4.5 Fluazaindolizine: selective nematicide

Corteva Agriscience™, an agricultural division of the DowDuPont company (for-
merly DuPont Crop Protection), discovered and developed Salibro™, based on the
new active substance fluazaindolizine (Reklemel™ Active). It is the first member of
the new chemical class of N-phenylsulfonylimidazopyridine-2-carboxamide nemati-
cides [148]. Fluazaindolizine, which was first registered with the EPA in July 2021, is
a pesticide used to control PPNs on crops such as carrots, squash, tomatoes, egg-
plant, potatoes, and taro, as well as some fruits such as oranges, peaches, almonds,
and grapes [149]. Their discovery began with high-throughput screening of an
internal compound library against RKNs. After evaluating different 2,5-disubsti-
tuted arylsulfonamides, fluazaindolizine was selected due to its ecotoxicological and
nematicidal profile [148]. It is suitable for a broad range of application techniques,
including drip irrigation, bed spraying, and soil incorporation, among others [150].

In vitro studies on targets associated with old nematicides such as AChE, mito-
chondrial electron transporters, glutamate-regulated chloride channels (GluCl), and
nicotinic receptors (nAChRs); show that fluazaindolizine has a mechanism of action
different from that of other nematicides [148]. However, its exact mechanism on
PPNs remains unknown. After five days of exposure at a concentration of 30 pM, no
significant impact was observed on the motility and mortality of non-target organ-
isms such as C. elegands, Drosophila melanogaster, and Diabrotica undecimpunctata. On
the other hand, iz silico studies of structure-activity relationship show that a possible
mechanism of action of fluazaindolizine is through the inhibition of the enzyme
pantoate synthase [Arley, unpublished]. The enzyme is responsible for the synthesis
of pantothenate (vitamin Bs), which is the precursor of coenzyme A (CoA), which in
turn is an essential cofactor for the synthesis and degradation of fatty acids, as well as
for the TCA cycle [151]. In PPN there is a strict requirement for this vitamin, thus,
for example, it has been observed that there is a horizontal transfer of genes for the
synthesis of B complex vitamins (B, Bs, Bs, and B;) between H. glycines and bacteria
and fungi [152, 153].

Under i vitro conditions, it has been observed that the sublethal concentration of
fluazaindolizine is between 5 and 250 mg/L. At concentrations greater than 500 mg/L,
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an acute poisoning of Meloidogyne is observed, without recovery after treatment

with water [100, 148]. This loss of motility and infective capacity after treatment
with water is affected even at concentrations of 5 mg/L [154]. The LCso for RKNs is
177 mg/L at 72 h. The nematicidal effect of fluazaindolizine is both concentration and
time-dependent. Additionally, it has been observed that there is a different suscep-
tibility to fluazaindolizine between species and populations of the Meloidogyne spp.,
[155]. It does not present ovicidal activity at concentrations lower than 400 mg/L on
Meloidogyne spp.; however, at concentrations greater than 500 mg/L, an 82% reduc-
tion in hatching of M. incognita eggs was observed after 3 days of exposure [156].

Greenhouse and field trials on tomato, strawberry, carrot, etc. plants show that
fluazaindolizine is an effective nematicide for the treatment of M. incognita [157, 158].
Depending on the type of crop, application method, and soil type, the recommended
application rate is between 0.25 and 2.0 kg/ha. In tomato fields infested by M.
javanica, the application of 1.12 kg/ha of fluazaindolizine significantly reduced the
number of galls for up to 2 months after planting. However, there was no change in
yield or nematode population when compared to the control [159]. Similar results
were obtained at concentrations lower than 1.0 kg/ha [100, 160]. Other studies
indicate that at concentrations between 1.0 and 2.0 kg/ha fluazaindolizine does not
reduce, after 30 days of application, the populations of Belonolaimus longicaudatus,

P, penetrans, and M. hapla. On the other hand, the nematicidal power of flueazain-
dolizin e on other PPN species, as well as the influence of environmental factors on its
activity, remains to be investigated.

Although the selective effect of fluazaindolizine on non-target organisms is
known, there is still toxicological information on the safety of this new nematicide on
human and environmental health. The LDs in rats via oral administration is 1187 mg/
kg [100]. The main target organs in mammals are the urinary tract, hematopoietic
tissue, and liver or gallbladder [161]. It is carcinogenic in high concentrations and
has little impact on the reproductive system of rats and rabbits. Despite the possible
toxicological effects of fluazaindolizine for mammals, it is known to be an easily
photodegradable compound. The pH does not affect its degradation in soil; however,
humic acid, iron (Fe-III), and nitrate (NO;") ions negatively affect the photodegrada-
tion of fluazaindolizine. It has been proposed that the possible mechanism of pho-
todegradation of fluazaindolizine involves imidazole-ring, dechlorination, hydroxyl
substitution, ring-opening, cleavage, oxidation, and decarboxylation [162, 163].

5. Conclusion

Because of their cosmopolitan nature and high reproductive success, PPNs are a
problem for medium- and large-scale agriculture. Although the leading countries in
high-precision agriculture have the technical and economic resources to deal with this
problem, this is not the case in developing countries, where traditional pest control
methods are insufficient to adequately manage PPNs. Understanding the molecular basis
of the plant-nematode interaction is essential for proper control, as this will allow the
development of more rational and specific methods for PPN control. Omics and i silico
approaches based on the integrated analysis of genes and proteins involved in pathogen-
esis activities (invasion, feeding, colonization, etc) are key factors for the development
of new, more selective, and cost-effective nematicides. Finally, organic and ecologically
friendly agriculture requires the integration of new technologies with traditional control
and management methods in order to reduce the impact on non-target organisms.
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Chapter 4

Use of Plant Material in the
Management of Plant Parasitic
Nematodes

Mohammed Bukar Aji

Abstract

Use of synthetic chemicals creates significant environmental dangers, which is
a significant global issue. As a result, researchers have looked into plant materials
and taken on the challenge of finding more environmentally friendly alternatives.
As organic soil amendments, dried leaves, seed powders and cakes, tree fibers, and
green manures all possess nematicidal qualities. It is permitted to combine them
with other cultural techniques as an organic soil addition. They might be extracted
chemically using acetone, methanol, or ethanol, or they could be prepared as aqueous
extracts, root extracts, or exudates for use as extracts. They were used as a soil drench,
aroot dip, and as a foliar application. The plant materials have a significant impact
on altering the soil’s ecosystem, and if properly developed, they could result in the
long-awaited ecological alternatives to synthetic nematicides. It would be cheap for
the resource-strapped subsistence farmer to control plant parasitic nematodes by
utilizing botanical nematicides.

Keywords: plant parasitic nematodes, medicinal plants, bare-root dip, soil drench,
soil amendment

1. Introduction

Nematodes are basic animals often only containing 1000 cells or less [1].
Nematodes throughout or part of their life cycle are worm-shaped, also called ver-
miform, even though some species become enlarged and rounded in later life stages
[2]. According to Lambert and Bekal [1], a nematode’s basic body structure is a tube
inside of a tube. Their outer skin, or cuticle, is produced by the inner hypodermis.
The muscles can only move dorsally and ventrally since they are longitudinally linked
to the nematode’s hypodermis. An inner tube, the alimentary canal, and fluid that
applies pressure to the body wall to preserve shape and permit movement are all
inside the nematode. A hollow mouth spear known as a stylet is located at the head
of a plant parasitic worm (Figure 1). According to Sato et al. [4], the worm uses this
stylet to puncture plant cells, absorb food, and create proteins and metabolites that
aid the nematode in parasitizing the plant. The stylet is connected to the pharynx,
which is subsequently connected to the intestinal ends, by the rectum in the case of
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Figure 1.
A typical nematode structure (Source: [3]).

the female nematode and the cloaca in the case of the male. According to Lambert
and Bekal [1], three to five salivary glands that are connected to the pharynx produce
secretions that may be discharged from the stylet and aid the nematode in invading
and parasitizing plants.

Plant parasitic nematodes pose a severe threat to crop yield globally [5, 6]. Nicol
et al. [7] predicted that they might lead to yearly losses of up to 25%, or more than 80
billion US dollars. The primary cause of these losses is an endoparasitic worm that is
notoriously difficult to control and that resides and feeds inside the root tissue [4].
The Solanaceae family (potato, tomato, and pepper), Gramineae (rice, wheat, and
maize), Malvaceae (cotton, okra), and Fabaceae (soybean, cowpea), among others,
are among the host plants that plant parasitic nematodes feed on [4].

Because of the significant nematode population decline and yield gain brought
about by the use of chemical nematicides, plant parasitic nematode control/man-
agement (Figure 2) has relied extensively on them for decades [8, 9]. Chemical
nematicides are the most efficient and quickly acting nematode management
techniques, but they are also dangerous to the environment and people’s health
[10]. Nematicides, like methyl bromide, are poisonous if swallowed or absorbed
through skin contact [11]. A central nervous system depression and allergic disease
may result from repeated exposure to chemical nematicides [12]. Additionally, they
are relatively pricey for many small farmers. Alternative management strategies for
plant parasitic nematodes that do not harm the environment have received a lot of
attention from researchers [13]. This chapter focuses on environmentally accept-
able management solutions for plant parasitic nematodes employing plant material
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On seeing suppressed growth/decreased production
in crop plants

Stage |: Look for and assess symptoms of nematode damage

l

Stage 2: Collect soil and plant tissue samples

Stage 3: Extract nematodes from samples

l

Stage 4. Identify nematodes

l

Stage 5: Nematode density assessment

l

Stage 6 Nematode damage analysis

l

Stage 7: Management decision

Figure 2.
The stages in nematode assessment and management.

(powder and extracts) and testing the effectiveness of various treatment techniques
(bare-root dip, soil soaking, and amendment).

2. Use of plant extract in control plant parasitic nematode

Ononuju and Nzenwa [14] investigated the impact of cold and hot aqueous
extracts of five plant specimens (Luffa cylindrica, Momordica charantia, Euphorbia
hirta, Desmodium scorpiurus, and Stachytarpheta cayennensis), the wood ash of
Gmelina arborea, a synthetic insecticide (Karate-Lambda cyahalothrin), and
untreated tap water (control) on the egg hatchability as well as control of Meloidogyne
spp. in cowpea (Vigna unguiculata (L.) Walp in the laboratory and greenhouse. The
ability of nematode eggs to hatch was significantly decreased by L. cylindrica hot
water extract (HWE) and M. charantia cold water extract (CWE), according to
laboratory results. According to greenhouse results, the cold water extract (CWE)
of S. cayennensis, the HWE of L. cylindrica, and the HWE of E. hirta all considerably
increased cowpea yield. The populations of nematodes in the soil, on the roots, and
in the galls on the roots were reduced by the aqueous extracts. The outcome of G.
arborea extracts and synthesized Karate-Lambda-cyhalothrin did not differ notice-
ably. Umar and Mohammed [15] described the impact of water hyacinth leaf extracts
on Meloidogyne incognita juvenile mortality in a laboratory setting. Young M. incognita
were exposed to the leaf’s crude extract and diluted extracts for 120 h. Juvenile mor-
tality was 100% in the crude extracts. Additionally, they noted that as exposure time
increased, juvenile mortality did as well. In order to suppress M. incognita on soy-
beans, Umar and Aji [16] investigated the effects of two organic amendments, namely
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bitter leaf (BL) and cashew seed kernel (CSK). Plants were infected at the base with
1000 juvenile M. incognita 3 weeks after germination. Each plant’s base soil was mixed
with a bag of each of the two amendments separately 2 weeks following germination.
The study’s findings showed that treated plants outperformed the untreated control
in terms of growth indices and nematode control. In comparison to bitter leaf, the
CSK (cashew seed kernel) amendment proved more effective against nematodes. The
studies further indicated that both amendments could be used in the nematode con-
trol. According to Liman et al. [17], nematode population on tomato seedlings treated
with leaf extract from the mahogany plant was considerably lower than on untreated
tomato seedlings. They also stated that there are noticeable differences between the
extracts’ effects on the test organism at different concentrations. The results showed
that the severity of galling plant height and root length in tomatoes exposed to various
leaf extract concentrations differed significantly.

In the laboratory and the screenhouse, Adenike and Atolani [18] investigated the
effectiveness of the Lawsonia inermis L. cypress shrub in the management of root-
knot nematodes of the genus Meloidogyne spp. The quantity of nematode eggs that
hatched in the laboratory was dramatically lowered by L. inermis aqueous extracts. In
comparison to 11.7% of the eggs treated with a 25% crude extract of L. inermis (L.),
92% of the control eggs that were not treated hatched. As much as 98.4% of the L.
inermis (L.) in 100% crude concentration perished within 2 days of the experiment.
The amount of nematodes found in the soil and roots of the screenhouse plant was
significantly reduced by 15% aqueous crude concentration. Additionally, compared to
the untreated control plants, all treated plants galled less.

Olabiyi [19] asserts that a number of plant extracts exhibit nematodal and patho-
genic effects on the greenhouse and field pest tomato root-knot nematode. Root-knot
nematode eggs were put into tomato seedlings, cv. DT69/257, which were being
grown in soil that had been steam-sterilized in the screenhouse at concentrations of
5000, 10,000, 15,000, 20,000, and 25,000. At inocula levels of 15,000, 20,000, and
25,000 eggs of M. incognita, the number of leaves, plant height, fruit output, and root
galls were all significantly decreased. Field-planted tomato seedlings were treated
with aqueous extracts of marigold, nitta, and basil in four different concentrations:
25,000, 500,000, 750,000, and 100,000 ppm (parts per million)/plant. Whole
aqueous plant root extracts were used in the trials, and they resulted in a decrease in
the number of root-knot nematodes in the soil as well as an increase in plant height,
plant leaves, and fruit yield when compared to the control. The aqueous root extracts’
ability to effectively control root-knot nematodes was shown by the treated plots’
much fewer root galls.

The effectiveness of aqueous ginger extracts against the root-knot nematode
Meloidogyne javanica was investigated by Amer-Zareen et al. [20]. Higher extract con-
centrations (100%) in in vitro investigations inhibited root-knot egg hatching which
led to juvenile death. In a 25% concentration, Pasteuria endospore adhesion was stron-
ger. Plant growth was enhanced and disease severity was reduced when Pratylenchus
penetrans and plant extracts were administered simultaneously. The bacterial antago-
nist parasitized 72% of the females in the 25% extract plus P. penetrans treatment, and
each juvenile had nine bacterium spores attached to its nematode cuticle.

According to Dos et al. [21], an ethanolic rhizome extract of Artemisia vulgaris
suppressed the host plant infectivity, mortality, hatching, and galling of the root-knot
nematode Megadora. Both of the extract’s effects were dose-dependent, with 2.35 mg/
ml of the extract reducing egg hatching by 50% and 55.67 mg/ml of the extract raising
second-stage juvenile mortality by 50% after 12 h of exposure. An exposed host,
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Phaseolus vulgaris and Becanta trepar, shows a dose-dependent reduction in nematode
infectivity (50% inhibition at 6.28 h). When applied directly to the soil, the extract
reduced root-galling on a susceptible host in a dose-dependent manner (50% inhibi-
tion at 32.36 mg/ml). While maintained in the dark at 25°C for 15 days, the extract did
not lose its activity.

Pavaraj et al. [22] evaluated the efficacy of a bionematicide called goat weed
leaf extract against the black gram (Vigna mungo)-infested root-knot nematode,
Meloidogyne incognita. The study also looked at the root gall index to determine the
nematode population density. The total protein, lipid, and carbohydrate contents of
the experimental plants treated with varied concentrations (2 to 10 ppm) of Ageratum
conyzoides leaves were also tested after 40 days of treatment (DAT). Because the
extract significantly reduced the virulence of the root-knot nematode, it is advisable
to utilize it as a bionematicide going forward.

In vitro nematicidal effects of ethanol extracts from the following plant species
were reported by Slomp et al. [23]: Apocynaceae species include Mandevilla velu-
tina (Mart.) Woodson and Tithonia diversifolia (Hemsl.); Zeyheria montana Mart.
(Bignoniaceae); Lippia alba (Mill.) N.E. Brown (Verbenaceae); Tabernaemontana
catharinensis A. DC.; Croton antisyphiliticus Mart. (Euphorbiaceae); and Serjana erecta
Radlk. (Sapindaceae). The experiment made use of the plant parasitic nematodes such
as Pratylenchus zeae and Pratylenchus jaehni. The findings showed that the studied
extracts had considerable nematicidal activity, particularly those that Eclipta alba
had shown (DL50 (ppm) values = 304.08; 55.32 for P. zeae and DL50 (ppm) = 1000;
212.82 for P, jaehni, across periods of 12 and 24 h, respectively). T. catharinensis had
shown (DL50 (ppm) values of 215.26; 60.04 for P, zeae and 825.44; 376.60 for P
jaehni, across periods of 12 and 24 h, respectively). Z. montana had shown (DL50
(ppm) values = 166.43; 34.08 for P. zeae and DL50 (ppm) = 1000, 427.34 for P. jaehni,
across periods of 12 and 24 hours, respectively) and S. erecta showed (DL50 (ppm)
values = 178.74; 74.12-P. zeae and DL50 (ppm) = 689.24; 249.50-P. jachni, across
periods of 12 and 24 h, respectively). These results show that the evaluated plant
demonstrated significant nematicidal effects, which have significant economic or
environmental ramifications and may aid in the extension of agricultural activities
around the world.

Under greenhouse and field circumstances, the suppression of the root-knot
nematode M. incognita was studied by Kamal et al. [24] using plant extracts of euca-
lyptus (Eucalyptus camaldulensis), marigold, garlic, and neem as well as essential oils.
After 24-48 h of exposure, an in vitro investigation of plant materials demonstrates a
nematicidal effect on young worms. The largest percentage of nematode deaths was
obtained by the neem extract (65.4%), followed by essential oils (64.4%), marigold
extract (60.5%), and garlic and eucalyptus extracts (38.7-39.5%). Neem extracts
and essential oil treatments were more effective than other methods at reducing
M. incognita populations in soil and the root gall index in screenhouse and outdoor
settings. Neem and essential oil treatments provided the tomato plant with the most
outstanding protection toward root-knot nematode in a field experiment, 44.2 and
32.6%, respectively.

In 2008, Khan et al. assessed the efficiency of ethanolic extracts of Azadirachta
indica, Tagetes evecta, Withania somnifera, and Eucalyptus citriodora against nematodes
associated with papaya (Carica papaya). The fresh shoot weight of papaya seedlings
grown in pots was significantly increased, according to their research, when plant
extracts were used. The fresh root weight was mainly unaltered compared to the
control. The amount of incognita juveniles, the root-knot index, and the number of
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egg masses per root were all considerably reduced by all treatments. The three main
nematode species associated with papaya, M. incognita, Helicotylenchus multicinctus,
and Hoplolaimus indicus, all significantly lowered their population densities in the
field. The most impacted species by Withania and Tagetes species were M. incog-
nita, H. multicinctus, and H. indicus. The treatments, in this order: Withania som-
nifeva > carbofuran > A. indica > T. evecta > E. citriodora, enhanced the papaya yield.

Olabiyi et al. [25] discovered that using aqueous leaf extracts of Nicotinia tabacum,
Hyptis suaveolens, and C. papaya at 50 and 100% led to higher growth and yield of
tomatoes in comparison to the control using only distilled water. The results also
demonstrate that the plant height, number of leaves, root weight, number of fruits,
and fruit weight were better at a range of 406 cm, 223, 52, 151, and 534 g, respectively.
The control plants were in the following numerical order: 21.3 cm, 11.2, 154, 6.5, and
24.5 g. In the control trial, tomato plants were severely galled by Meloidogyne species,
which led to thick roots. Additionally, the root gall index and the number of soil
nematodes were significantly decreased by the leaf extracts.

Meloidogyne incognita egg masses or larvae were subjected to different concentra-
tions of neem leaf (fresh and dry), groundnut leaf, Borrelia sp., and garlic bulb,
according to Agbenin et al. [26]. The findings demonstrated that compounds from
garlic bulbs and neem leaves killed larval stages and prevented egg masses from
hatching. Neem and garlic bulb extracts were compared in the screenhouse using
weekly applications of 25 ml from each pot at 20% concentrations. In the screen-
house, each pot was infused with 2000 M. incognita larvae and 2 kg of pasteurized
soil. These extracts significantly reduced tomato root-knot nematode infection
indices, as compared to the control. But garlic extract held more promise than neem
leaf extract for the in vivo control of tomato root-knot infection. Using crushed bark
extracts from the E. camaldulensis, G. arborea, and Cassia siamea, Yusuf [27] demon-
strated that they might affect the root-knot nematode’s larval egg hatch. He discov-
ered that exposure to these extracts varied in their ability to suppress hatching. As the
concentration of the water-soluble bark extracts rises, egg hatch inhibition rises as
well. Eighty-nine percent of the larvae hatched much more frequently at the control
(distilled water).

In an ultisol solution treated with aqueous leaf extracts of bitter leaf (Vernonia
amygdalina L.) and mango (Mangifera indica L.), the tomato cultivar Roma VF
responded to M. javanica Treub. infestation, according to a screenhouse experiment
conducted by Ogwulumba et al. [28]. There were three different leaf extract con-
centrations used: 150, 300, and 450 g/1. The results demonstrated that the two leaf
extracts considerably altered each of the evaluated parameters. The extracts showed a
strong nematotoxic effect on the nematode by reducing the number of galled roots and
the galled index as well as increasing the fruit weight at the application rate of 450 g/1.

Susan and Noweer [29] investigated the effects of five aqueous extracts on
the root-knot nematode (incognita), including neem seeds (A. indica), marigold
leaves (T erecta), pyrethrum leaves (Chrysanthemum cinerariaefolium), basil leaves
(Ocimum basilicum), and chinaberry leaves (Melia azedarach). All of the materials
under investigation affected the survival of the nematode juveniles, depending on
the material’s properties and concentration. In comparison to Oxamyl 24% L and the
untreated control, the majority of the investigated compounds considerably reduced
the second-stage juveniles of M. incognita in the soil and roots of eggplant (Solanum
melongena L.) cv. Baladi in field settings. The type and amount of the investigated
chemicals had an impact on how much nematodes decreased. The majority of exam-
ined substances also resulted in a discernible rise in fruit weight per plant.
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According to studies by Saad et al. [30], Khalil [31], Saad et al. [32], and Khan
et al. [33], azadirachtin (Achook® 0.15% EC and Nimbecidine® 0.03% EC) showed
strong activity against M. incognita in tomato plants. Gall, egg masses, and juveniles
were reduced by 69.31 and 64.48%, 62.25 and 40.37%.The root-knot nematode, M.
incognita, on tomato plant was investigated on neem leaves and seeds by the potato
cyst nematode (Globodera rostochiensis). According to Lynn et al. [34], root-knot
nematode (M. incognita) on cucumber is significantly suppressed by neem-based for-
mulations and azadirachtin. Neem extracts showed a 38-50% reduction in nematode
count [30]. Additionally, investigations on the root-knot worm M. incognita showed
that the use of dry neem leaves enhanced the weight of fruit per plant of eggplant by
19% [33]. Different dosages of the Eriobotrya japonica extract, according to Sultana
et al. [35], were successful in preventing M. incognita and Cephalobus litoralis infec-
tions. After 48 h at 1% concentration, the crude extract demonstrated a 90% and
ethyl acetate fraction 97% mortality rate against M. incognita species, as well as 81 and
50% against C. litoralis species.

Izuogu et al. [36] found that root-knot nematodes in maize can be effectively
controlled by leaf extracts from Moringa oleifera and Jatropha curcas. Plants treated
with M. oleifera perform better in terms of growth parameters than plants treated with
J. curcas (P > 0.05), while untreated control plants experienced the least growth. A.
indica and Eucalyptus spp. seeds were used as aqueous extracts at concentrations of 25,
50, and 100% to control the activity of M. javanica. All seed extracts killed M. javanica
eggs, and second-stage juvenile mortality increased with increasing extract concentra-
tion. Liu et al. [37] investigated the impact of a Dryopteris crassivhizoma chloroform
extract on the ultramicroscopic structures of M. incognita. It was shown that the
extract significantly damaged the ultrastructure of the worm and clearly damaged the
nematode’s external and internal structures. According to Jada et al. [38], an ethylac-
etate extract of Detarium microcarpum Guill. and Perr. bark had an impact on the root-
knot nematode M. javanica. The findings show that the juvenile mortality rate for M.
javanica was substantially greater at 100% concentration of the ethylacetate extract,
with 90 juvenile deaths at 72 h, than at 80% concentration, with 87 juvenile deaths at
72 h. The lowest number of juveniles was found at 0% ethylacetate extract concentra-
tion, where one juvenile died after 24 h. Izuogu et al. [39] demonstrated the efficacy of
aqueous leaf extracts of Cassia occidentalis and Cymbopogon citratus at 25, 50, 75, and
100%, while 0% served as the control in the management of the okra nematode. It was
determined that the treated plants, especially those that received 50% level and above,
performed significantly better (P = 0.05) than the control in terms of growth, yield,
soil nematode population, root weight, and root gall indices.

Alstonia boonei de Wild and Bridelia ferruginea Benth. are two plants whose leaves
were examined for nematicidal activity by Fabiyi [40]. With a 75% concentration
being the most active, all fractions examined were significantly beneficial in increas-
ing juvenile mortality. With longer exposure times came an increase in mortality.
With a percentage mortality of 48.62%, fractions from Alstonia boonei were sub-
stantially (P = 0.05) more toxic to M. incognita juveniles than the reference standard
carbofuran, which had a mortality rate of 48.89%. Egg hatching was significantly
reduced when using the fractions compared to carbofuran’s crude extracts. I vitro
tests were conducted by Tiyagi et al. [41] to determine the effects of water extracts
from Chromolaena odorata, Tithonia diversifolia, T. erecta, and Occimum gratissimum
leaves at 6.6, 10.0, 13.3, 16.6, and 20% W/V (percent weight/volume) on eggs and
second-stage juveniles of incognita. Egg hatch was strongly suppressed by water
extracts of T erecta by 90.5% compared to O. gratissimum, which generated the lowest
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egg inhibition of 70.72%. Tagetes erecta also caused 100% juvenile mortality within
24 h of exposure, next to Tagetes diversifolia (59%), C. odorata (50%), and O. gratis-
simum (26.5%) with the minimal concentration.

Aji et al. [42] looked at the effects of several garlic extracts, lemongrass, onion,
tridax, and distilled water as control and the results revealed that garlic extract
at the crude concentration at 72% h gave the best result (86.68%) followed by its
diluted forms. The findings also indicated that nematode mortality increased with
exposure time and concentration. The toxic effect of wild sunflower, Tithonia
diversifolia, was evaluated against the root-knot nematode, M. incognita, on eggplant
Solanuum melogena. T. diversifolia aqueous extract was applied at 0, 25, 50 75, and
100% concentrations, while carbofuran was applied at 0, 2500, 5000, 7500, and
1000 ppm. According to the experiment’s findings, T. diversifolia aqueous extract
and carbofuran solution significantly decreased the pace at which nematodes mul-
tiply and caused root damage. When compared to the control, this results in higher
growth and yield [43].

3. Experimental plants used in the control of plant parasitic nematode
3.1 Calotropis procera

Calotropis procera is a member of the Apocynaceae family. The leaves of this
untamed shrub, which can reach a height of 1-3 m, are 10-13 cm in width by
17-19 cm in length. It is an established medicinal herb that can be found all across
the tropics of Asia and Africa [44]. According to Mother Herbs [45], gigantic
swallow wort, often known as milkweed, plays a significant impact in enhancing
soil fertility and soil water retention capacity. The root bark is a laxative, febrifuge,
anthelmintic, depurative, and expectorant. The root’s powder is effective against
asthma, bronchitis, and dyspepsia and encourages gastric secretions. The dried
whole plant is an excellent tonic, expectorant, depurative, and anthelmintic. In
India, the root bark is used to cure leprosy, chronic eczema, and elephantiasis. In
addition, paralysis, swellings, arthralgia, and intermittent fever can all be treated
with leaves. Flowers are effective in the treatment of tumors, inflammations,
catarrh, anorexia, and asthma.

3.2 Cassia obtusifolia

According to Brunken et al. [46], the plant Cassia obtusifolia L., also known as
“sickle pod,” is a member of the Fabaceae subfamily Caesalpinioideae. Senna obtusifo-
lia, alegume in the genus Senna, is another name for it. All of tropical Africa, with the
exception of Madagascar, is home to the plant. The species name obtusifolia is derived
from Latin and means blunt leaf, an accurate description of the shape of the leaves,
while the genus name “Cassia” came from Greek and signifies an aromatic plant.
According to Harvey [47], it is also known as fetid senna or arsenic weed. This plant
is grown in home gardens for this purpose in a number of nations, including Senegal,
Ghana, Cameroon, and Ethiopia. The young, fragile leaves of this plant are occa-
sionally consumed as vegetables in Africa and worldwide. According to Dirar [48],
the plant’s green leaves are fermented in Sudan to create the high-protein food item
known as “kawal,” which is consumed by many as a meat alternative. It is also utilized
as a hedge, green manure, medicinal herb, and fuel wood.
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3.3 Coffee senna

Coffee senna (Senna occidentalis (Linn)) is a member of the Caesalpinioideae
subfamily of the Leguminosae family. According to the Greenhouse [49], it is also
known as stink wood, smelling pee, Nigerian senna, and Negro coffee. According to
Yadava and Satnami [50], this shrub’s roots can help prevent ringworm infections. It
is used to treat snake bites and as a diuretic. The plant is bitter, laxative, expectorant,
anti-inflammatory, antimalarial, and analgesic, according to Mother Herbs [45]. It is
used to decrease blood pressure, and bronchitis is treated with a floral infusion and an
asthmatic beverage made from the seeds that tastes like coffee.

3.4 Sesamum indicum

Sesamum indicum Linn belongs to the Pedaliaceae family. It is a yearly erect herb
that is glandular-pubescent and branches from the base. The leaves are alternate
or lower appositive and frequently profoundly three lobed [51]. It is cultivated to
produce seeds with a high oil content. Most of the world’s sesame is grown in tropical,
subtropical, and southern temperate countries, as well as in Africa, China, India, and
South America. Tropical regions, sandy soil that drains well, and hot, muggy weather
are the conditions that the plant grows best in. An excellent source of cooking oil is
sesame seeds. Sesame seeds can be used in bread stock, crackers, salad, cooking oil,
sesame cakes, wine, and brandy. Young leaves are edible in stews, dried stems are
burnable as fuel, and the ash is used to manufacture soap. It is used in confectionery
to make sesame seed buns and chips and acts as an insecticide, bactericide, and
antifungal synergist for pyrethrum insecticides. Lecithin and lignin give it antioxi-
dant properties and prevent the formation of cholesterol. Sesame oil is used in the
pharmaceutical industry to treat nasal mucosa, dryness, impaired vision, vertigo,
anxiety, headaches, and sleeplessness. The myristic acid in seeds makes them valuable
in the production of medicines that fight cancer. It is also used in the production of
biodiesel, a viable alternative to the diesel fuel [52].

3.5 Waltheria indica

A flowering plant that belongs to the mallow family, Malvaceae, is called Waltheria
indica L. This plant’s common names include lazy morning velvet leaves and it is
pantropical in distribution. It is a short-lived subshrub that can grow up to 2 m tall
and has a 2-cm stem diameter. The majority of its habitat is dry, disturbed, and well
drained. According to Zongo et al. [53], in Africa, South America, and Hawaii, the
herb is often used in traditional medicine, notably to relieve pain, inflammation,
asthma, erectile dysfunction, bladder problems, diarrhea, dysentery, conjunctivitis,
wounds, and abscesses.

4. Methods of application of the plant extract
4.1 Bare-root dip
Root dipping is the process of coating plant roots with a special solution called root

dip, protecting them from pests and diseases, and/or promoting root growth. When
used as a root dip to treat M. incognita, plant extracts of clove, chili, neem, and onion

83



Nematodes — Ecology, Adaptation and Parvasitism

were found to be beneficial [54]. Chili was found to be the most effective plant extract
when treating root-knot nematodes. Leaf and pod extracts of C. procera and Thevetia
peruviana were used as bare-root dip treatments to suppress the phytonematodes M.
incognita and Rotylenchulus reniformis infecting tomato and eggplant. On the treated
plants, there were noticeable decreases in the growth of root knots brought on by M.
incognita and nematode multiplication caused by R. reniformis. At various concentra-
tions of leaf extract and dip intensities, M. incognita second-stage juvenile larval
penetration was likewise impacted. According to Siddiqui and Alam [55], bare-root
dipping of tomato and eggplant in leaf extracts of margosa/neem and a related spe-
cies Persian lilac/bakain significantly reduced root-knot nematode larvae penetration
and the ensuing root-galling and population growth of the reniform nematode. The
root-dip therapy helped plants grow while masking the harmful nematode effects.
Root-galling and the reniform nematode population gradually decreased along with
an increase in extract content and dip time. Abbas et al. [56] looked at the efficacy

of several application tactics, such as soil drench and root dip in biological remedy
(azadirachtin) and synthetic chemicals (Cartap, Virtako), on M. incognita. The
findings showed that both the treated and untreated root portions of Cartap were
more effective than Virtako at reducing egg masses. The quantity of egg masses was
dramatically decreased in the treated (45.7, 58.2) and untreated (93.7, 80.7) root
portions, respectively, by cure and azadirachtin. When compared to the root-dip
approach, the nematode reproduction parameters for soil drench were much lower for
all compounds. Jada and Zirafilla [57] used seedling root dips at four different con-
centrations and four different exposures to determine whether shea butter (Vitellaria
paradoxa) bark extracts are effective against M. javanica infection of tomatoes. The
results of the experiment at Loko and Mayo Belwa locations showed that the root-dip
method with 60% concentration at 60-min exposure in shea butter bark extracts
produced the highest number of flowers/plant, the lowest nematode population in
100 g of soil, and the lowest nematode population in 10 g of roots/plant. They came to
the conclusion that root dipping of bark extracts from V. paradoxa might control M.
javanica in the field.

Compared to T. peruviana, leaf extracts from C. procera caused a relatively stron-
ger suppression of nematode proliferation. Increases in leaf extract content and dip
duration resulted in greater reduction in illness incidence [41]. To cure cowpea (Vigna
unguiculata (L.,) Walp) cultivar pusa komal and okra (Abelmoschus esculentus (L.)
Moench) infected with Rotylenchulus reniformis, bare-root dip treatments of Murraya
koenigii (L.) Spreng. and Vitex negundo L. leaf extract were utilized. R. reniformis
nematode multiplication on the experimental plants was significantly reduced.
Comparatively more nematode proliferation inhibition was induced by Murraya leaf
extracts than Vitex. There has been an improvement in plant growth. With an increase
in leaf extract content and longer root-dip times, root-dip treatment effectiveness
improved in terms of plant weight and decreased disease incidence [58]. On tomato,
chili, and brinjal, three natural remedies based on neem oil and pongamia oil (NOPO)
were investigated for effectiveness against the root-knot worm M. incognita. No. 60
EC (c), No. 60 EC (A), and NOPO 60 EC(c) are the formulations in question. The
mixture was evaluated as a root dip for seedlings. The control was outperformed by
each of the tree formulations No. 60 EC(c) formulation was shown to be the most
effective at reducing the nematode population on tomato, chili, and garden eggs when
compared to the other two formulations [59]. When used in three different ways:
foliar spray, root dip, and pseudostem injection, the two avermectin chemicals, such
as abamectin and emamectin benzoate, have the ability to control plant parasitic
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nematodes. Radopholus similis on banana and M. incognita on tomato were the subjects
of research. Any of the nematodes tested did not respond well to foliar application of
either avermectin or emamectin benzoate to tomato or banana. The effectiveness of
banana and tomato root dips in preventing the growth of M. incognita in tomatoes

as well as R. similis in bananas was only average. The common chemical nematicide
fenamiphos was not as effective in controlling M. javanica and R. similis as avermectin
injections (1 ml) into banana pseudostems [60]. With the help of corm pairing/hot
water root dip, Tithonia diversifolia leaf mulch, and a combination of Tithonia and
hot water root dip, researchers examined the impact of some cultural practices on the
population and control of plant parasitic nematode infestation as well as the impact
of these practices on some growth and yield attributes of plantain cv. Agbagba. The
untreated plantlets served as the control. According to the findings, M. incognita, H.
multicinctus, and R. similis had the lowest population of plant parasitic nematodes

in plots treated with hot water root dip and Tithonia mulch. Tithonia plants’ height,
leaf count, and sucker production were significantly boosted by a hot water root-dip
treatment. According to Nwanguma et al. [61], plantains treated with hot water root
dip and Tithonia mulch displayed early flowering and fruiting as well as a noticeable
increase in bunch weight.

4.2 Soil drenching

It is the process by which chemicals that are water soluble are injected into the soil
and then absorbed systemically by plant components after flooding the roots. It is
very useful in combating plant parasitic nematode, fungi, and certain diseases as well
as delivering nutrients to the roots [62]. In order to achieve the desired result with soil
drenching, the soil should be moist but not saturated [63].

The effectiveness of plant products, which include; neem oil, extract of Nicotiana
tabacum, Veratrum album, and neem Azal; potato cyst nematode (G. rostochiensis)
population density and growth, were both detected in response to drenches. All of
the formulations that were tested increased plant growth and yield while reducing
nematode reproduction. Neem oil combined with extracts of N. tabacum and V. album
at 0.5 and 1.0%, as well as neem Azal at 0.3% (and neem oil at 0.3%), were the most
successful in lowering the feared incidence by 78% [64]. Hosta (Host asp) and ferns
(Matteuccia pensylvanica) infested by Aphelenchoides fragariae were successfully
controlled by hot water drenching 300 days after treatment (DAT). As compared to
the control (25°C), hot water drenching at 70 and 90°C reduced A. fragariae in the
soil but not in the leaves. Plants bathed in 90°C water had fewer nematode-infected
leaves per plant than plants treated with 25 and 70°C water. The host’s development
parameters were not negatively impacted by hot water treatments. When compared
to the control at 150 DAT, boiling water (100°C) sprayed once every month for three
consecutive months (April, May, and June) significantly decreased the number of
infected leaves and the degree of infection in hosta leaves but not in fern fronds.
Similar to how the population of A. fragariae was reduced in hosta leaves by 67%, fern
fronds by 50%, and soil by 61-98% over a control period of 150 DAT by boiling water
(100°C). Despite having no effect on fern growth, a boiling water drench decreased
the size and quantity of hosta leaves by 49 and 22%, respectively, in comparison to the
untreated control [65, 66]. The soil was exposed to seven different H,O, concentra-
tions (1, 10, 100, 250, 500, 750, and 1000 mM) at different times (24 h before and
24 h after the inoculation time). All hydrogen peroxide (H,0,) treatments markedly
reduced the worms’ egg/g fresh root reproduction rate in comparison to the untreated
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control. The nematode reproduction was least impacted at 10 mM H,0,. Exogenous
injection of H,0, may affect nematode reproduction directly as well as indirectly
through its ability to cause tomato plants to become resistant to nematode infection
[67]. A greenhouse soil bacteria mixture of Lactobacillus farraginis, Bacillus cereus,
and Bacillus thuringiensis strains with antinematode activity was tested for its effec-
tiveness on the root-knot nematode. In order to compare two control groups of M.
incognita, the soil was either doused with sterile distilled water or treated with the
broad-spectrum carbamate insecticide carbofuran. The results show that the bacterial
mixture can successfully control the roots against nematode.

In order to assess the development of second-stage juveniles (J2) of M. javanica
on the roots of sensitive tomato cv., Javed et al. [68] utilized neem formulations
applied as soil drenching. Tiny-Tim was investigated in a supervised environment.
Beginning 7 days after transplant, three different neem preparations—neem cake,
aza 5 mg, and aza 10 mg—were soaked in water at the rate of 10 ml per pot, with 4%
ethanol-treated plants serving as a control for comparison. The results revealed that
the roots of tomato plants were equally permeable to J2, but substantially less so than
those of water control plants after being treated in three different neem formulations
and ethanol. More effectively than water control, three neem treatments—including
aza (5 mg) and aza (10 mg)—halted the development of J2. On the roots of plants
treated with aza (10 mg), less J2 were able to develop into immature females than on
the roots of ethanol control plants. The plants treated with all three neem formula-
tions and ethanol showed decreased root gall formation when compared to the water
control. Aza was found to work best at 10 mg for preventing root nematode infection.
Piliostigma thonningii leaf aqueous extracts were applied by drenching around egg-
plants in a field that had been infected with M. javanica. The results revealed that the
crude extract-treated eggplants had the tallest plants, the most fruits per plant, the
highest yield, and the lowest galling indices and final nematode populations [69].

4.3 Soil amendment

According to Davis and Whiting [70], a soil amendment is any material that is
supplemented to a soil to improve its physical properties, such as water retention
permeability, water infiltration, drainage, aeration, and structure. The goal is to give
the roots a better habitat. Three halophytic plant species, including Tamarindus indica,
Suaeda fruticosa, and Salsola imricata, were investigated for their ability to control the
M. javanica infection that affects okra (Abelmoschus esculentus (L.) Moench cv. Arka
anamika) and eggplant (Solanum melongena L. cv. Black beauty). When incorporated
into soil at concentrations of 0.3, 0.5, and 1% (W/W), halophytes significantly
decreased hatching and, consequently, mortality of second-stage juvenile i vitro.
They also significantly increased the growth of eggplant and okra, and at higher
concentrations (0.5 and 1%) they were able to control root-knot nematode infection
[71]. Studies examining the effects of different soil amendments, including grass, ash,
and rice husk, on M. javanica infestation on Roma tomato (Lycopersicon esculentum),
revealed notable variations among the amendments in terms of height, days to 50%
flowering, leaf number, fruit per plant, and galls per root per plant. The soil should be
treated with organic matter (poultry droppings, grass ash, and rice husk (RH) ash)
at the rate of 10 to 20 t ha™ for the greatest growth, performance, and management
of the tomato root-knot nematode [28]. The nematicidal efficacy of the leaves of four
medicinal plants—Azadiractha indica A. juss, Calotropis procera (Ait) R. Br., Datura
stramonium L., and Tagetes erecta L.—was examined for the purpose of controlling
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M. incognita. In comparison to the untreated, all leaf amendments at various dosages
considerably enhanced the plant growth characteristics of okra and decreased root-knot
infection [72]. Three organic wastes were employed to control the root-knot nematode
(Meloidogyne spp.) on tomato: sawdust (SD), rice husk (RH), and trash dump (RD). In
total, 15, 30, and 45 tons of organic garbage was spread over each acre. As the control,
Furadan (3G) was administered at rates of 16, 32, and 64 kg/ha to unaltered plots.
According to the findings of the study [73], the RD treatment considerably increased
tomato output by 17-100% for RD, 13-84% for SD, and 21-63% for RH.

On the development of potted mung plants and the root-knot worm M. incog-
nita, the effects of urea application and soil treatment with nimin (a neem-based
product) and neem, castor, and rocket-salad oils as well as soil amendments with
urea coatings in varying concentrations of nimin and oil of neem, castor, and rocket
salad at 0.02, 0.04, and 0.06 grams per pot improved plant growth and increased
chlorophyll content of mung leaves at 1% treated with urea coated with nimin rather
than neem oil, castor oil, and rocket salad. This was accomplished by significantly
slowing the growth of the root-knot nematode. According to Wani and Yaqub [74],
urea-altered soil performs better than soil amended with lesser amounts. According
to Parihar et al. [75], an organic amendment has an antagonistic effect on the root-
knot nematode (M. javanica) that infects bottle gourds. Before inoculating bottle
gourds with second-stage juvenile root-knot nematodes, Datura stramonium leaves
were mixed with the soil. When compared to other plant species or organic additives
like Argemone mexicana, Lantana camara, Parthenium hyterophrus, W. somnifera, and
others, the stramonium-treated soil (100 g) leavers were found to be most effective
at decreasing the reproductive potential of the nematode and increasing chlorophyll
content and plant growth.

Numerous plant species’ essential oils and extracts have demonstrated promising
nematicidal efficacy against nematodes that parasitize plants. For instance, nematode
mortality in extracts from Tagetes spp. and M. azedarach aerial portions was consider-
able [76, 77]. Other plants with essential oils that contain nematicidal properties
include thyme (Thymus vulgaris), garlic (Allium sativum), and oregano (Origanum
vulgare) [78, 79]. Garlic aqueous extracts significantly decreased the quantity of M.
incognita juveniles in a research by Mokbel et al. [80]. These natural nematicides pro-
vide prospective substitutions for synthetic chemical nematicides, lowering dangers
to human health and environmental contamination.

Green manures and composted plant matter are examples of plant-based supple-
ments that can indirectly enhance soil health and control nematode numbers.
According to Borges et al. [81], these additions improve the soil microbial commu-
nity by encouraging the activity of beneficial species such nematophagous fungus,
bacteria, and predatory nematodes that eat plant parasitic nematodes. According
to Riga et al. [82], compost application led to a decrease in the number of root-knot
nematodes. Argemone mexicana L. (Papaveraceae) was studied for its allelochemical
and nematicidal potential, and Shaukat et al. [83] found that the polar nature of the
toxins was indicated by the fact that an ethanol-soluble extract of the leaf material
caused more juvenile mortality of M. javanica than either ethyl acetate or hexane
extracts did. A. mexicana decomposing tissues in soil at 50 g kgl were extremely
harmful and caused 80% plant mortality in tomato plants. Plant development was
improved at 10 g kgl, however it was significantly slowed down at 30 g kgl. When A.
mexicana was allowed to disintegrate in the soil, M. javanica population densities in
the rhizosphere and in roots, as well as gall formation, were considerably reduced by
10, 30, or 50 g kgl.

87



Nematodes — Ecology, Adaptation and Parvasitism

Additionally, some green manures alter the nutritional balance of the soil, which
has a detrimental effect on nematode populations. For instance, imbalances in the
carbon-to-nitrogen (C/N) ratio can be brought on by significant amounts of car-
bonaceous additives like rice bran, wheat straw, or sawdust. This causes nitrogen to
become immobilized, which restricts the amount of nitrogen available to nematodes
and hence lowers their number. Desaeger et al. [84] study showed that carbonaceous
amendments have a suppressive effect on M. incognita. Glucosinolates and thio-
phenes, which have potent nematicidal effects, have been demonstrated to be released
by certain plants, such as mustard (Brassica spp.) and marigold (Tagetes spp.) [85, 86].
Neem (A. indica) and castor (Ricinus communis) plants have also demonstrated inhibi-
tory effects on nematode reproduction [87, 88].

In contrast to the control treatment, which saw an increase in nematode popula-
tion, Kago et al. [89] observed that Brassica tissue treatments at 1908 g and 5292 g
and the other treatments inhibited nematode population throughout the third season.
The effectiveness of the treatments was evident in seasons two and three due to the
sharp decline in nematode numbers. The study also showed that soils supplemented
with Brassica tissue contained much more nutrients than the other treatments, with
high amounts of calcium, potassium, nitrogen, and phosphorus as well as organic
carbon being discovered in soils amended with Brassica tissue in comparison to the
other treatments.

In comparison to the control, M. incognita race 1 and M. javanica populations in
tomato plants, root gall populations in olive plants, and final nematode populations
were all reduced when composted dry cork was added to the potting mixture at varied
ratios [90]. Many soil’s physical, chemical, and biological features depend on the
amount and quality of organic matter, which is why replenishing organic matter has
become an important part of soil health management programs, according to Widmer
et al. [91]. They highlighted that the diversity and abundance of free-living and para-
sitic nematodes are impacted by the addition of organic matter to the soil, rotation
crops, cover crops, green manure, and other sources of organic matter. They contin-
ued by stating that appropriate organic materials should be used in soil management
plans in order to enhance the chemical, physical, and biological characteristics of the
soil, as well as to reduce plant parasitic nematodes and soilborne illnesses.

Biofumigation is also a form of soil amendment that involves incorporating plant
materials, particularly those from the Brassicaceae family, into the soil to release
volatile compounds that exhibit nematicidal activity against various plant parasitic
nematodes, including Meloidogyne spp. (root-knot nematodes) and Heterodera spp.
(cyst nematodes). Cruciferous plants, such as mustard (Brassica juncea), oilseed rad-
ish (Raphanus sativus), and Ethiopian mustard (Brassica carinata), are rich in glu-
cosinolates, which are converted into isothiocyanates upon tissue disruption. These
isothiocyanates can significantly lower nematode populations due to their potent
nematotoxic effects [92-94]. Sunhemp considerably reduced root-knot nematode
populations in okra crops, according to Wilhelm et al’s [95] research. Brassica juncea
(Indian mustard) greatly reduced root-knot nematode populations in okra crops,
according to a study by Ntalli et al. [96]. Ghosh et al. [97] found that the usage of
mustard cake (Brassica spp.) significantly reduced the number of root-knot nema-
todes in eggplant crops. Additionally, marigold intercropping reduced root-knot nem-
atode populations in tomato crops by 70% [98]. The nematicidal activity of neem (A.
indica) extracts against Meloidogyne spp. was demonstrated by Castagnone-Sereno
et al. [99], demonstrating that neem contains azadirachtin, which inhibits the worms’
ability to molt and hinders their growth and reproduction. Neem is also believed to

88



Use of Plant Material in the Management of Plant Parasitic Nematodes
DOI: http://dx.doi.org/10.5772/intechopen.1002742

contain the compound azadirachtin, which has strong nematocidal activity against a
number of nematode species [100].

Buena et al. [101] examined the biofumigant impact of pepper crop residues for
regulating M. incognita populations in the laboratory by adding 0, 5, 10, and 20 g of
pepper crop residue to 500 g of nematode-infested soil. After 20 days at 25°C, pepper
crop residues significantly reduced M. incognita populations and root gall indices in sus-
ceptible tomato cv. Marmande while also increasing soil potassium (K), nitrogen (N),
and organic carbon (C). The efficiency of biofumigation using pepper crop residues
along with fresh animal manures (with and without plastic cover), methyl bromide,
and a control was evaluated using root gall indices on a pepper crop. Subtreatments
for grafted and nongrafted susceptible peppers were used in all treatments, except
the control. According to this finding, biofumigation using pepper crop wastes is an
effective nonchemical method for managing M. incognita populations, especially when
used in conjunction with plastic cover, nitrogen-rich organic matter, and grafting on
resistant pepper. On grafted plants, biofumigation using pepper crop residues and
plastic cover, and methyl bromide treatment, with equal effects, root gall indices were
lower and yields were higher. Das and Bahera [102] carried out a pot culture study to
ascertain the effect of two biofumigants, cabbage and cauliflower leaves, on the popula-
tion of plant parasitic nematodes infecting okra. In comparison to the untreated control,
the experiment reduced the number of root-knot nematodes (40.7%), lance nematodes
(40.8-80.1%), spiral nematodes (49.1-79.7%), and stunt nematodes (40.8-81.3%) while
improving plant growth parameters, such as shoot length (23.3-54.6%), root length
(14.1-46.5%), fresh shoot weight (28.4-81.9%), and fresh root weight (22-38%). With
regard to reduction in nematode population and improvement in plant growth metrics,
it was discovered that the leaves of both cabbage and cauliflower were comparable.

5. Discussion

Nematode problems are difficult to identify early enough, as the nematode keeps
building up in the field over time. Epidemics are frequently the result of this, which
calls for prompt and efficient control measures. Nematicides are useful as supplemental
therapies or as the last resort when conventional forms of control are ineffective, par-
ticularly in high priced crops [103]. The demand for natural pesticides has been driven
by the need for a better but faster alternative, and the knowledge that is currently avail-
able indicates that plants have great potential as a source of natural pesticides [104].

A significant issue with the usage of synthetic nematicides, in addition to their
toxicity to mammals, was their recent finding in groundwater [105]. These terrifying
environmental risks are an excellent cause to oppose environmentalists’ use of them,
which increases enthusiasm for greater ecological ways of control. In this aspect,
using organic soil amendment has showed potential. However, there are numerous
considerations against using organic soil additives on a wide basis. The two main ones
are the slow activities and the bulky materials that must be used in huge numbers
[106]. These should not be seen as obstacles to the advancement of this promising
strategy; instead, technologies should be created to lessen these pressing issues and
enhance the strategy’s appeal. For instance, the cheaper price and more widespread
availability of amendments compensate for their poorer efficacy as compared to
synthesized nematicides. Furthermore, small farmers or horticulturists with low
financial means who have access to locally produced wastes will benefit most from the
utilization of organic matter [107].
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There is a chance that as a result of these treatments, hitherto undiscovered
antagonists of plant parasitic nematodes could become more prevalent and reduce
nematode populations. Plant extracts and organic soil amendments would have an
impact on the intricate soil ecosystem. In their native environment, plant parasitic
nematodes are attacked by a variety of soil organisms, including fungi, bacteria, pro-
tozoa, other nematodes, and invertebrates [108]. However, nothing is known about
how they behave in the field. A number of bacteria and fungi tested for the treatment
of specific plant parasitic nematodes showed promise. An additional advantage
that calls for more research is the liming effect of plant extracts, such as those from
Acalypha wilkesiana [109].

6. Conclusion

In conclusion, the idea of biological nematicides is highly appropriate and their
development should be promoted because there is a need for the creation of novel
compounds that would be environmentally friendly. Additionally, nematologists
need to develop a more systematic approach to biocontrol and have a better grasp of
the ecology of soil microbes. Additionally, details are required regarding the kind
of impact the treatments would have on the composition of the soil community.

The development of better control measures might benefit from knowledge of how
nematodes and their natural enemies interact in their natural habitat. By better
understanding how to employ organic material to manage plant parasitic nematodes,
this information will prevent this intriguing idea from being abandoned on dubious
reasons. We must allow the concept enough time to develop and produce a compel-
ling answer. In the long term, it might even prove to be a more superior and efficient
choice than synthetic nematicides. An appealing solution to the environmental issues
caused by the use of synthetic nematicides is the use of organic resources, either as
soil amendments or in the form of extracts.

The utilization of organic materials as extracts seems to give a good biological
alternative to synthetic nematicides, if properly developed. More field testing needs
to be carried out to evaluate the usefulness of these materials in practical situations.
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Chapter 5

Plant Parasitic Nematodes: Insights
into the Parasitic Potential,
Adaptations and Their Interaction
with Other Microorganisms

Himani Sharma and Ashok Kumar Chaubey

Abstract

Plant parasitic nematodes are major pests of the agricultural industry in developing
countries. This group is associated with different parts viz., flower, leaves, buds, roots,
trunk etc., of approximately all crucial crops of agronomy due to their omnipresent
nature. They are categorized as endo, ecto and semi-endoparasite based on the feeding
habits. PPNs possess remarkable characteristics especially, parasitic adaptations which
help in combating adverse conditions. Furthermore, they interact with other micro-
organisms (pathogens) forming complex diseases in crops. For effective management
of the PPNs through biological control, it is essential to understand their parasitic
mechanism, adaptation of ]2 stages, feeding mechanism, host-nematode relationship
and identification of associated microbiota. This review focuses on the basic biology
of PPN, feeding habits, parasitic potential, molecular insights for understanding
host-nematode relationship and their management by exploiting the inherent abilities
of biocontrol agents.

Keywords: plant parasitic nematodes, parasitism, biocontrol, molecular, pathogen

1. Introduction

Plant parasitic nematodes found in association with plants pose a major threat to
the agriculture sector and are responsible for approximately $80-$118 billion dollars
loss globally [1]. They are obligate parasites of plants which derive their nutrition from
them by using their specialized structure viz., stylet. The stylet of PPNs required for
feeding and also helps in the establishment of the nematode infection in the host as
they used to pierce the plant cell wall for invasion. Furthermore, the stylet also showed
connections to the glands present in the pharynx which helps in the production of the
molecule’s requisite during the infection, invasion and other fundamental processes
[2, 3]. These molecules released from the PPN affect the host immune system which
ultimately enhances the parasitic association. These nematodes possess the potential to
damage any part of the plant, however; roots found to be most susceptible for the PPN
colonization especially endoparasites [4, 5]. The parasitic adaptations, feeding behav-
ior and various lifestyle modes of PPN help in the survival in adverse conditions.
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1.1 Morphology

Nematodes are the fascinating animals on earth after insects, with many free liv-
ing and parasitic forms. It’s a noteworthy characteristic in case of nematodes that all
the conceivable habitats viz., marine, soil and aquatic ecosystems are occupied by this
amazing group. Diversity can also be seen in their shape and size as they occur in vari-
able shapes such as melon shape (Meloidogyne), reniform (Rotylenchulusreniformis),
or swollen shape (Tylenchulussemipenetrans) etc. and their size ranges from micro-
scopic (Paratylenchus 0.18—-0.6 mm) to several meters long (Paralongidorus maximus
~11.0 mm). The general body structure of nematodes is elongated, cylindrical and
tapered at both ends as suggested by their name ‘nema’ which means thread like
[6, 7]. The basic body design consists of an inner alimentary canal which is sur-
rounded by an outer tube of body wall which is commonly referred as ‘tube within
atube’ structure. The alimentary canal basically comprises gonads and digestive
tract. Body wall consists of a variety of muscles viz., ventral and dorsal longitudinal
muscles which regulate nematode locomotion as well as these muscles are activated
by the dorsal and ventral nerves. Unlined, pressurized, fluid filled cavity which is
present between the tubes is known as ‘pseudocoelom’ formed from the blastula
surrounding the gut cavity. Its primary function is to provide the turgor pressure for
the entire body and subsequently aids the transfer of oxygen, nutrients and metabolic
products. Exoskeleton of nematodes, also known as cuticle, is made up of collagens,
glycoproteins, insoluble proteins and lipids.

Plant parasitic nematodes possess an accessory structure known as stylet which
is utilized for association with the plants and deriving the nutrients. The shape, size

Feeding site supports PPN Mitochondria  Yacuoles
growth

Development of giant cell
and syncytium

Modify the cells into « Nematode releasing effectors,
feeding cells effectors transcribed and translated to proteins

Figure 1.

The anterior end of plant parasitic nematode. The protrusible stylet helps in piercing the plant cell wall. The
dorsal gland and other ovgans produced effectors which modify the surrounding cells for the development of
feeding site.
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and position of this stylet are of taxonomic importance for the identification of this
nemic fauna. The stylet of PPN showed connections with the intestine because of
attachment to the pharynx anteriorly (Figure 1). Order Tylenchida and Dorylaimida
are found to be the pathogen of plants, invertebrates and fungi [8] and as parasites of
agricultural crops and forest trees they have great economic importance. All possible
habitats or ecological niches have been occupied by Tylenchids. The infection of PPN
can be found in all the possible habitats; however, diversity occurred in the root para-
sites [5]. Over 4000 species of plant parasitic nematodes have been identified but it
is very interesting to note that only few genera possess the potential of economic loss
viz., Meloidogyne, Helicotylenchus, Hoplolaimus, Heterodera, Globodera, Criconemoides,
Hemicycliophora etc. [1]. The genus Meloidogyne comprises 105 species, out of which
10 species found to cause potent damage to the agricultural sector [9].

1.2 Life cycle of plant parasitic nematodes

The life cycle of both root knot and cyst nematodes consists of 25-30 days on
average. The second juvenile stage (J2) of the PPN finds the host roots for feeding.
This stage showed attraction towards the roots and their penetration inside the host
cells for satiating the nutrition needs developed by the synctial cells. The synctial
comprises the host cells approximately 200 which lost their cell wall and contributed
their protoplasts to the large feeding site [10]. After entering into the host cells, the J2
stage molts to J3, J3 molts to J4 and J4 molts to adults. The J2 stage once started feed-
ing becomes larger in size and finally transforms to the males. Among all the larval
stages, only the ]2 stage showed mobility and others were immobile. Males possess a
vermiform body and find their way out from the plants. The exterior environment
consists of various chemical cues/pheromones released from the female’s body. These
cues help males in locating the females for fertilization. Female body comprises
eggs produced during fertilization. These eggs were protected in a cyst and all the
cysts have the potential to release ]2 stage. In case of cyst nematodes, J2 reached to
the vascular cells and feeding site developed consists of syncytium cell, however, in
root knot nematodes, J2 stage migrated to cortical cells where feeding site developed
from the continuous mitosis without following cytokinesis [11]. The process leads
to the development of a giant cell which becomes the feeding site for the J2 [12]. The
J2 molts thrice and finally becomes an adult. Fertilization is not observed in the root
knot, however, males formed during this entire process. Parthenogenesis observed in
the root knot nematodes. Eggs are not present inside the female body, instead found
outside the body in a protected matrix released from the female body itself. Feeding
site either synctial cell or giant cells required repeat stimulus from J2 stage and both
nematodes development and life cycle found dependent on these sites (Figure 2).
This repeated thrust and maintenance of the feeding sites affects the roots which in
turn affected the nutrient and water supply to the various parts of the plants, ulti-
mately, affecting the yields.

1.3 Feeding behavior strategies of PPN

PPNs are dependent on the plants for their survival and they are found in close
proximity to the plant parts in order to complete their life cycle [6]. They are broadly
categorized into above ground feeders and below ground feeders based on their feed-
ing strategies adopted. Further, below ground feeders are classified into ectoparasites,
semi-endoparasites and endoparasites.
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Different feeding strategies and life cycle of plant parasitic nematode. The role of chemoattrants and repellents on the
parasitic ]2 stage during the host localization. Management of PPN using different strategies and biological control.

1.3.1 Above ground feeders
1.3.1.1 Stem and bulb nematodes

Ditylenchus dipsac found responsible for causing disease in the plants as it largely
affects the stem and bulb of the host hence referred to as stem and bulb nematodes.
Hyacinth’s brown ring disease caused by this nematode in the plants where wilting,
collapsing and yellowish color in the leaves was observed. In the garlic plants, the
weight of the bulb decreases and they turn brownish and shriveled. These nematodes
affect the storage of these plant bulbs ultimately decreasing the yield [7].

1.3.1.2 Seed gall nematodes

This nematode targets the seeds of the host plant affecting the yield. The disease
which affects the seeds of wheat is caused by the Anguinatritici called ear-cockleseed
or seed gall, hence commonly referred as seed gall nematode. They are ectoparasites
but affect other areas of the plants as soon as it invades the seeds and inflorescence.
The diseased plant showed symptoms such as wrinkles, swollen and bulged leaves,
whitening, yellowish color of the stems with bending etc. [7].

1.3.1.3 Foliar nematodes

The nematodes belonging to genus Aphelenchoides spp. specifically target the
leaves of the plants. The symptoms include the yellowish leaves followed by drying
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and wrinkling, the younger leaves can be spotted with whitish or yellowish patches.
Further, it affects the kernels of the plants which become smaller and distortion in
their shape is also observed during infection. The grains of the infected plants showed
discoloration and became weak due to which cracks were observed [7].

1.3.2 Below ground feeders
1.3.2.1 Ectopavasites

These nematodes found on the surface of the host and derive their nutrition from
the root’s epidermis. They are further classified into sedentary ectoparasites and
migratory ectoparasites. The sedentary nematodes showed specificity in the host
and maintain a permanent attachment with the host, for example, Belonolaimus sp.,
Xiphenema sp., Trichodorus sp. etc. The J2 stage found to be the infective stage in
these and only free-living stage. The migratory ectoparasites derive their nutrition
from the roots itself but they do not maintain a permanent attachment with the host.
Instead, if the roots get disturbed, they will show detachment from the roots and be
found in the soil as free nematodes, for example, Criconemella sp., Paratylenchus sp.,
Hemicycliophora sp. etc. [7].

1.3.2.2 Semi endoparasites

These nematodes were attached with the host anteriorly, however, their posterior
body was found free in the soil. They are further classified into sedentary and migra-
tory semi-endoparasites. Insedentary semi-endoparasites, the anterior body showed
permanent attachment with the host for example, Tylenchorchynchs, Hoplolaimus
etc. TheJ3/J4-adult are the infective stages of sedentary nematodes. The migratory
semi-endoparasites does not form any permanent attachment with the host andJ2/J4
are the infective stages, for example, Rotylenchulus sp., Tylenchulus sp. etc. [7].

1.3.2.3 Endoparasites

The endoparasites further categorized into migratory and sedentary. The migra-
tory endoparasites enter into the host through roots and migrate to other areas as they
feed on the cells, for exmple, Pratylenchus sp, Radopholus sp. etc. On the contrary, the
sedentary endoparsites also entered through root systems but lost their mobility as
they feed on special cells viz., giant cell or syncytial cells, for example, Meloidogyne
sp., Heterodera sp, Naccobus sp. The infective stage of sedentary endoparsites is the J2
stage for spreading the infection [7].

2. Adaptation to parasitism
2.1 Parasitic genes and effectors molecule of plant parasitic nematodes
2.1.1 Root-knot nematodes
PPN release effectors molecules to weaken the host immune system. One of the

important and harmful root-knot nematodes viz., Meloidogyne releases a number of
effectors which helps in their survival by combating the defense system. MiPFN3 gene
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in Meloidogyne incognita found to be coding for profilin (involved in disassembly of
actin) which has the potential to bind the motor actin filament. The effectors molecule
binds with the actin filament of the host cell disrupting its normal functioning facilitat-
ing the PPN survival [13]. The other effectors are secreted, encoded by gene MilSE5,
which disrupts and interrupts important pathways of metabolism [14]. One of the gene
viz., Mispl2 secreted effectors which directly interfere with the defenses system of the
host [15]. The Inflorescence Deficient in Abscission (IDA) like peptide is also encoded
by the M. incognita geneMilDL1 [16]. The immune system of the host was compromised
when effectors, encoded by gene Mh265, released in M. hapla [17]. In M. javanica, one
of the gene MJTTLS responsible for the production of transthyretin-like protein which
helps in suppressing the defense system of the host cell [18]. In M. graminicola, effectors
and the irrespective genes were identified helping in colonization and combating the
defense of the host. The host system was suppressed by the effectors encoded by the
genes MgGPP and Mg16820 [19, 20]. The innate immunity is also compromised by

the effectors encoded by gene Mg01965 [21]. The apoptosis process in the plant cells
were suppressed by the effectors (gene MeTCTP) released by the M. enterolobii [22].

2.1.2 Cyst nematodes

Cyst nematodes also released these effectors molecules which enhancing their
survival inside the plant’s cells and tissues. The gene Hs30D08 in Heterodera schachtii
codes for the effectors interfering with spliceosome machinery which leads to the
changes in those genes responsible for the development of feeding site [23]. Other
gene mainly, HsPDI coding for the enzyme disulfide isomerase found to alter the
redox potential of plant cell/tissue [24]. Another gene reported from the H. schachtii
viz., HsTyr encoded tyrosinase enzyme which plays important role in maintenance
of homeostasis [25]. The gene HsCLEB found coding for the B-type CLE peptide
which plays key role in cell signaling in plants. These peptides had been regulating
the vascular cells playing important role in the development of feeding area for the
PPN [26]. There are some DNA binding proteins coded by the gene HsSGLAND4
which inhibit the transcription of lipid transfer protein as they bind to the promoters
observed in Arabidopsis [27]. The other gene viz., Hs32E03 coding those molecules
which are responsible for the chromatin modifications in order to induce alteration in
the ribosomal RNAs of host [28]. There are some effectors which induce alteration in
the plant cell wall encoded by the gene HaEXPB2 in H. avenae [29]. The immune sys-
tem of the host found to be compromised especially hypersensitive responses in the
presence of effectors coded by HgGLAND18 in H. glycines [30]. In Globodera pallida,
two genes viz., GpSPRY-414-2 and GpGS have been identified for releasing SPRYSEC
effector and glutathione synthetase enzyme, respectively [31, 32].

2.1.3 Lesion nematodes

Lesion nematodes, one of migratory parasitic nematodes, releases effector
molecules helping in either metabolism or suppression of the host defense system.
The gene Ppen12895_c0_seql (FAR) encodes for the molecules that play a role in
the metabolism of fatty acids in Pratylenchus penetrans [33]. Another gene reported
from the P. penetrans also facilitates survival inside the host [33]. In P zeae, molecules
encoded by the gene Vap-1 are found responsible for suppressing the immune system
of the host [34]. On the contrary, another gene viz., Sec-2 from the same species
played a significant role in combating the defense system of the host [34].
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2.1.4 Burrowing nematodes

The burrowing nematode especially, Radopholus similis had known to harbor
some genes which have facilitated the entry, survival of the nematode and infection
to the host. The gene Rs-scp-1 coding the effectors helping the nematode develop-
ment, facilitating entry into the host and also contribute to the pathogenesis [35].
Another gene viz., Rs-csp responsible for facilitating the juvenile stages entry and also
enhances their pathogenicity [36]. Furthermore, the Rs-cb-1 gene is known to code
for the molecule playing an essential role during the reproduction and ease invasion
of the nematode [37]. Likewise, molecules encoded by the Rs-crt gene facilitate the
reproduction and increase pathogenic potential of the nematode [38]. Rs-far-1 gene
is found to be a coding effector which contributes during the entry, developmental
stages, disrupting the defense system of the host [39].

2.1.5 Potato rot nematodes

In Ditylenchus destructor, two genes DD03093 (VAP-1) and DDC03397 (VAP-2)
had been reported for coding the molecules which play an essential role in suppress-
ing the host defense system [40]. The other gene viz., DD03835 (Sec-2) products
facilitates the nematodes in overcoming the defense system of the host [40].

2.1.6 Pine wood/wilt nematodes

From the genome of Bursaphelenchus xylophilus, six genes have been reported
playing a crucial role in parasitism. The first gene, BxSapB1, provides those molecules
which enhance the pathogenicity of the nematode and also contribute to the apop-
tosis of the host cell [41]. One of the genes encodes the 1-3-endoglucanaseenzyme
and other encodes expansin-like protein found responsible for degrading the plant
cell wall at the time of invasion [42]. To overcome the defense barriers of the host,
detoxifying enzymes also released viz., peroxiredoxin, glutathione-S-transferase and
cytochrome P450 [43].

2.2 Adaptation of ]2 stage during host invasion and colonization
2.2.1 Migratory endoparasites

The juvenile stages of PPNs such as Ditylenchus, Anguina and Pratylenchus
require hosts for their survival purposes as they feed on them. Feeding is important
for molting which ensures their survival. During extremities of temperature, pH,
rain etc. the J2 stage enters into a dormant stage and possesses the ability of surviving
without host for a certain period. The quiescent stage in Radopholus similis found to
be 6 months [44]. The juveniles of Anguina sp withstand the temperature extremities
until it finds the host [45]. Some of the PPN juveniles adopt the anhydrobiosis mode
which is commonly observed in the entomopathogenic nematodes. The anhydro-
biosis process is a gradual release of the moisture from the nematode body to a level
where a dried powder form is observed. This process enhances the survival chances
of the juveniles for a longer duration without a host. This condition is observed in
Ditylenchus sp. The other way of enhancing survival is the arrest of the juvenile stage.
This was observed in Ditylenchus dipsaci in which the last juvenile stage arrested and
showed variations from the normal juveniles. The arrested stage was found to be
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larger in size with a higher amount of lipid reserves which somehow showed similar-
ity with the Caenorhabditis elegans larvae [46]. To understand the similarity between
the Ditylenchus and Caenorhabditis, researchers focused on the molecular studies
to resolve this mystery. There are some overlapping regions found in this duo which
raises the possibility of convergent evolution [47].

2.2.2 Sedentary endoparasites

The migratory stage in these PPNs is the second juvenile stage (J2) which is
responsible for spreading the infection in the fields. The hatching of ]2 stage from the
egg found regulated from various chemical cues released from the specific host. The
pre-J2 stage of sedentary nematodes can be quiescent in the environment for a longer
period of time until it hatches out from the egg [48]. The signals from the host help in
the hatching of the J2 from the egg and they showed similarity with the dauer larvae
of free-living nematodes [49]. The ]2 stage of cyst nematodes exhibit variations in the
cuticle on the basis of lipophilicity as they perceive cues from the host [50]. These J2
stages are either pre- parasitic or parasitic, found to derive their energy from the depos-
ited fat [51, 52]. The larvae of Heterodera glycines showed resistance to various harmful
toxic substances ensuring its survival [53]. The pre-J2 stage can be dormant for a longer
duration; however, the parasitic stage needs to find the suitable host for its survival,
development within a short period of time. The parasitic J2 stage hatching should have
occurred in the presence of the host. The cues released from the host helps the J2 stages
in finding the host. The J2 stages also showed responses towards the chemical signals
released from the host parts such as roots and these signals travel larger distances. The
other signals possess a shorter range and these signals sensed by the J2 nearer to the
host [54]. The ]2 stage of Meloidogyne hatched out in response to extreme moisture
or heat and does not require signals from the plants. This could be the reason behind
their broad host range helping them in maintaining their population during unsuitable
conditions. Though cyst nematodes J2 stages hatched out in response to environmen-
tal conditions, host signals also played an important role. The potato cyst nematode
parasitic stage requires specific signals from the host plant for the hatching [55].

2.3 Importance of chemotaxis in host recognition

Previous studies revealed that plant parasitic nematodes especially root knot
nematodes (RKN) showed attraction to certain chemicals released from the roots exu-
dates which helps them in finding their specific host [56, 57]. The chemotaxis behav-
ior played an important role in the hatching, survival and development of the plant
parasitic nematodes. Though chemicals/compounds released from the host helps in
the attraction of ]2 stage but some of them work as repellents, some act as stimulants
for hatching of the J2 stage and some act as inhibitors [58, 59]. The chemoattractants
of RKN found to be released from other parts of the plants also [60]. Likewise, cyst
nematodes (CN) also showed chemotactic behavior in response to the compounds
secreted from the different parts of the plants [59].

2.3.1 Factors influencing hatching

The hatching in Heterodera glycines found stimulated by the compounds
Glycinoeclepin A (Pentanor triterpenoid) secreted from the Kidney bean (Phaseolus
vulgaris) root extracts [54, 61, 62]. 1,10-phenanthroline and tannic acid are synthetic
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chemicals also known for stimulating hatching in the H. glycines [63, 64]. Further,
Root exudates of ryegrass (Lolium multiflorum) also stimulate the hatching in H.
glycines [65]. Studies also showed that H. glycines cyst wall and egg homogenates and
rinsates act as stimulants for the J2 stage hatching from the egg [66]. In Globodera
rostochiensis, hatching found to be stimulated by the tetranortriterpenoid compound
(Solanoeclepin A) and carbohydrate (glucose and fructose) secreted from the
Solanum tuberosum and Solanum lycopersicum root diffusates [67-69]. The compound
Asparagusic acid (Dithiolane) secreted from the Asparagus officinalis root extract

is known to play a role in the inhibition of H. glycines and G. rostochiensis ]2 stage
hatching from the egg [70]. The compound allyl isothiocyanate (Isothiocyanate) is
a synthetic chemical and formed from the degradation of allyl glucosinolates from
Brassica plants found to inhibit the H. glycines and H. schachtii ]2 hatching [71]. The
root diffusates from Anthriseussilvestris, Arehangeliealitoralis, Pimpinella major,
Pimpinella saxifraga, Heracleum sibirieum acts as hatching inhibitors for the CN
mainly G. rostochiensis [72]. The synthetic chemical (E)-Chalcone (flavonoid) is
also known for inhibiting the G. rostochiensis and G. pallida ]2 hatching [73, 74]. The
studies revealed that G. rostochiensis ]2 hatching can be inhibited from the fermented
Myrothecium verrucaria and root diffusates from tomato plants with the ABC-G33
and ABC-C6 transporter gene knocked down [75, 76]. The compound Bursehemin
and Matairesinol extracted from the leaf of Bupleurum salicifolium inhibit the egg
hatching in G. pallida [70]. The compound allyl isothiocyanate extracted from the
Oil of black mustard affected the egg hatching in G. pallida [77]. The compounds
secreted from the Bacillus cereus and Achromobacter xylosoxidans also inhibited the
hatching of H. filipjevi [78].

2.3.2 Chemo attractants

Meloidogyne incognita found attracted to alcohol (Mannitol), organic acids
(Vanillic acid, lauric acid), amino acids (Argenine, lysine), phenolics (Tannic
acid), phytohormones (6-Dimethylallylaminopurine, salicylic acid, gibberellic
acid, Indole-3-acetic acid), organic amines (Cadaverine, 1,3-diaminopropane,
putrescine), Calcium chloride [79, 80]. The root diffusates and extracts from mari-
gold, pepper, or soybean seedlings acts as chemoattractants and H. glycines ]2 stages
showed attraction to these [80]. The secondary metabolites of ethylene pathway in
Arabidopsis thaliana also attracted parasitic stages of H. schachtii [81]. The parasitic
J2 stage of G. rostochiensis is attracted to a-solanine (glycoalkaloids) and linalool
[82, 83]. The G. pallida ]2 stages showed attraction to synthetic compounds viz.,
indole acetic acid, ethephon, salicylic acid, mannitol, methyl jasmonate, a-solanine
and linalool [82, 83].

2.3.3 Repellents

There are some compounds which act as repellents in order to prevent the host
from PPN infection. The bulb extracts of Narcissus tazetta and metabolites produced
during the ethylene pathway in Soybean and Arabidopsis thaliana repelled the popula-
tion of H. glycines [84, 85]. The secondary metabolites released during Strigolactone
signaling in Arabidopsis thaliana are found to repel the population of H. schachtii
[86]. Further, diffusates from tomato plants root with the ABC-G33 and ABC-C6
transporter gene knocked down in the laboratory conditions revealed the repellent
properties against the G. rostochiensis and G. pallida [76].
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3. Management of PPN
3.1 Biocontrol agent

3.1.1 Filamentous fungi
3.1.1.1 Trichoderma

This is considered as one of the important genera in the filamentous fungi for con-
trolling the PPN population. They worked against both root knot and cyst nematodes.
They are parasitic to the developmental stages of cyst nematodes. They penetrate the
developmental stages by exploiting the enzymes chitinase and protease which break
down the extracellular layer. Consequently, the egg number decreases due to fungus
parasitism and low level of parasitic stage hatching occurred [87]. In South Africa,
Romulus products are prepared from the T. harzianum wettable powder formulation
by Dagutat Biolab for controlling the population. In India, there are two commercial
products viz., ECOSOM® and commander fungicide prepared from the T. harzianum
wettable powder formulation by Agri Life and HT.C Impex Private Limited, respec-
tively. In Columbia, two commercial products Trichobiol and Trifesol based on the
T. harzianum wettable powder formulation were prepared by the Control Biologico
Integrado; Mora Jaramillo Arturo Orlando—Biocontrol and Biocultivos Agricultura
Sostenible, respectively, as fungal nematicide [88]. The potential of the Trichoderma
genus against PPN was presented in Table 1.

3.1.1.2 Mycorrhizal fungi

Previous findings on this genus did not report direct protection to the plants
against PPN; however, it more efficiently worked on the plants, either by induc-
ing morphological alterations in the roots, providing surplus nutrition or altering
the environment for various interactions (Figure 3) [97, 98]. Recently, it’s been
reported that they affect the PPN population and can be used in controlling the PPN
infection. The Rhizophagus intraradices and Funneliformis mosseae found effective
in controlling the population of RKN associated with Solanum lycopersicum [99].

Fungus PPN genera Effects References

T longibrachiatum  Heteroderaavenae  inhibitory effect on the hatching of cysts [89]

T longibrachiatum  Heteroderaavenae  Effect on egg, ]2 stage and females [90]

T harzianum M. incognita Effect on egg, ]2 stage and females [91]

T harzianum M. incognita increased the mortality of the J2 [92]

T harzianum M. incognita increased the mortality of the J2 [93]

T harzianum M. incognita increased the mortality of the J2 [94]

T harzianum Globodera pallida  reduced infection and reproduction of the nematode; no ~ [95]
effect on the eggs

T. harzianum M. incognita decreased eggs hatching and increased the mortality of [96]
the ]2

Table 1.

Different species of Trichoderma genus against PPN and their effects.
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Figure 3.

Direct and indirect intevactions of filamentous fungi with root system responsible for inducing induced resistance
in plants against the PPN [87]. SA = salicylic acid; JA = jasmonic acid; SLs = strigolactones; ET = ethylene;

ISR = induced systemic resistance.

Likewise, R. intraradices, R. mosseae, and R. etunicatum controlled the population of
Meloidogyne sp. found in the association with peaches [100]. On the contrary, the
increased population of some mycorrhizal fungi enhances the PPN population in the
maize field [101]. There are some factors which affect the population of both PPN
and fungi and their interaction with each other. The ecological and edaphic factors
played a major role in the effects of mycorrhizal fungi against phytoparasitica as the
concentration of N and P decreases the biocontrol potential of fungi and increases
the population of PPN in the fields [102]. There are contradictions regarding the
biocontrol potential of these fungi; however, several studies revealed the biocontrol
of these against PPN in different fields [103, 104].

3.1.1.3 Endophytic fungi

The endophytic fungi are also considered for controlling the PPN infection in the
field. The studies revealed that these fungi possess the potential of attacking, killing,
immobilizing, repelling, interfering with the developmental cells and arouse confu-
sion during host seeking in order to control the PPN population [105]. Acremonium
implicatum is found regulating the population M. incognita present in the rhizho-
sphere of Solanum lycopersicum whereas, F. oxysporum regulates the Pratylenchus
goodeyi population in the fields [106]. Both of these fungi worked against the PPN
and reduced their population by parasitizing and killing the developmental stages.
Furthermore, they produced secondary metabolites against the PPN population
which restricts their growth. The Chaetomium globosum releases these compounds
which affects the growth of Meloidogyne species in the field [107]. Daldinia cf.
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concentric produced volatile compounds in the field against the Meloidogyne species
which in turn restrict the growth [108]. The compound of alternariol 9-methyl ether
released by the fungi regulates the population of B. xylophilus [109]. Though they are
promising biocontrol agents in controlling the PPN, some of the entomopathogenic
fungus (EPF) found to favor the PPN population. Pochonia sp. found to be a potent
biocontrol agent in controlling the RKN and CN population. The species of this genus
exploited in the formation of commercial products for controlling the PPN infection
in the fields. The commercial product KlamiC® (Rothamsted Research and Centro
Nacional de Sanidad Agropecuaria) based on granulate formulation from UK &
Cuba, PcMR-1 strain (Clamitec, Myco solutions, Lda) based on liquid formulation
from Portugal, Xianchongbike (Laboratory for Conservation and Utilization of Bio-
resources, Yunnan University) based on liquid formulation from China and IPP-21
product from Italy. Paecilomyces lilacinus has been used in commercial products for
controlling the PPN population in various countries. The commercial products viz.,
BIOACT®WP based on water-dispersible powder developed by Bayer Crop Science
in USA, PL Gold based on wettable powder formulation by BASF Worldwide, Becker
Underwood & PL 251based on water-dispersible granulate by Biological Control
Products in South Africa, Stanes Bio Nematon based on liquid or powder Imported
from T. Stanes and Company Limited (India) and Gaara Company (Egypt) and
BIOCON based on wettable powder developed by Asiatic Technologies Incorporation,
Philippines. In India, different companies developed commercial products based

on the wettable powder and liquid formulation viz., Shakti Paecil (Shakti Biotech),
PAECILO® (Agri Life) and Nematofree (International Panaacea Limited) from

India developed for the PPN control. The other formulations from India are Paecilon
(Enpro Bio Sciences Private Limited) based on liquid formulation and Gmaxbioguard
(GreenmaxAgro Tech) based on talc-based carrier formulation [88].

3.1.1.4 Aspergillus

This genus fungus showed parasitism to the PPN developmental stages and
provided protection to the plants [110]. The Aspergillus niger control the population of
M. incognita associated with mung bean, okra and eggplant [111]. Further, M. javanica
associated with pigeonpea and tomato population was negatively affected in the
presence of A. niger [112]. The M. arenaria population associated with tomatoes was
reduced in the presence of A. niger [113]. The commercial products of A. niger have
been developed in India using different formulations. The soluble (liquid) concen-
trate and suspension concentrate formulation has been used for developing Kalisena
products by Cadila Pharmaceutical Limited. The other commercial products viz., Beej
Bandhu, Pusa Mrida and Kalasipahi have been developed from the wettable powder
and capsule formulation [88].

3.1.2 Bacteria

There are some bacterial species which are found efficacious against the phy-
toparasitica nematode. The Pasteuria penetrans attaches itself to the PPN and their
germination leads to the filling of the PPN body with endospores. The Pseudomonas

fluorescens regulate the population through antibiotics mediating suppression of PPN.
The Bacillus firmus suppress the population through many ways such as providing
protection to the roots, releasing phytohormone, destruction of chemoattractants
etc. The B. thuringiensis mediates the protection through their proteins which acts
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against the nematodes. The B. subtilis mediates protection through the antibiotics
mainly surfactin and iturin. The commercial products of these biocontrol agents
were prepared by various companies in different countries. The commercial product
based on P. penetrans viz., Econem by Nematech Company from Japan and Pasteuria
Bioscience from USA. The commercial product based on Bacillus subtilis is Stanes
Sting (Imported from T. Stanes and Company Limited, India, by Gaara company,
Egypt), Quartzo, Nemix C and Presense (FMC Quimica do Brasil Ltda., Brazil) and
Pathway Consortia® (Pathway Holdings, USA) [88].

3.1.3 Entomopathogenic nematodes

Entomopathogenic nematodes (EPNs) gaining attention from the past few
years due to their inherent ability of controlling the pest population. However, the
characteristics of EPN as controlling agent of pest population also provide safer
options from switching harmful insecticides and pesticides [114]. The omnipresent
nature of EPN makes them suitable for including in the Integrated Pest Management
(IPM) programs. The EPN belongs to two major families that is, Heterorhabditidae
and Steinernematidae which includes 19 species from the Heterorhabditis, 1
Neosteinernema and 126 Steinernema species [115, 116]. The parasitic nature of these
nematodes observed in the insect’s host, however; several present studies suggested
that they can also exploit in regulating plant parasitic nematodes population [117].
The detailed list of the PPN controlled by the EPN is provided in Table 2.

S.no. EPN PPN managed Crop Conditions  Effects References
1. S. riobrave M. incognita turf grass In vivo Reduced population  [118]
2. Steinernemacar M. incognita tomato Greenhouse Repelling Juveniles [119]
pocapsae, S. feltiae, trials
and S. riobrave
3. S. feltiae M. javanica Tomato, Greenhouse  reduction in root [120]
Soybeans trials penetration
4. S. feltiae M. incognita tomato Invitro reduction in egg [111]
production and
population of ]2
5. S. riobrave M. incognita tomato In vitro reduction in egg [121]
production and
population of ]2
6. H. bacteriophora M. incognita tomato In vitro reduction in egg [121]
production and
population of J2
7. S. riobrave M. partityla pecans Greenhouse  reduction in egg [116]
trials masses
8. H. baujardi Meloidogyne tomato In vitro Inhibiting egg [122]
mayaguensis hatching and J2
infection
9. S. feltiae Meloidogyne tomato In vitro Inhibiting egg [122]
mayaguensis hatching and J2
infection
10. Steinernemararum  Nacobbus tomato Greenhouse reduction in [123]
abervans trials reproduction factor
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S.no. EPN PPN managed Crop Conditions  Effects References
11. Heterorhabditis Nacobbus tomato Greenhouse reduction in [123]
bacteriophova abervans trials reproduction factor
12. Heterorhabditis M. incognita tomato Greenhouse  reduced invasionof  [124]
indica trials M. incognita
13. H. bacteriophora M. incognita pepperand  Greenhouse  reductioninegg [125]
summer trials masses
squash
14. S. riobrave M. incognita tomato direct reduced RKN egg [126]
and M. introduction  masses
arenaria of IJ/in vivo
15. S. feltiae M. incognita tomato Greenhouse  Decreased infection  [127]
and M. trials
Jjavanica
16. S. asiaticum, M. incognita tomato In vitro reduced numberof  [128]
S. glaseri, H. females
indica and H.
bacteriophora
17. S. feltiae M. javanica tomato Greenhouse  reduction in egg [117]
trials masses and J2
population density
18. H. bacteriophora M. javanica tomato Greenhouse  reduction in egg [117]
trials masses and J2
population density
19. H. bacteriophora M. incognita potato In vivo reduction in [129]
reproduction and J2
population density
Table 2.

The effects of different EPN species against PPN.

3.1.4 Predatory nematodes

The predatory nematodes feed on the plant parasitic nematode and can be
exploited in controlling the PPN infection [130]. Most of the predators belong
to Mononchida, Dorylaimida, Diplogasterida and Aphelenchida and each of
the order possess specialized feeding apparatus [131]. Clarkuspapillatus feeds
on Aphelenchoides sp., Hemicriconemoides sp., Heteroderaschachtii, M. hapla,
T. semipenetrans, Subanguinaradicicola [132]. Aporcelaimllus nivalis feeds on
Anguinatritici, Aphelenchoides sp., Basiria sp., Helicotylenchus indicus, H. mangiferae,
Heteroderamothi, H. oryzae, Hoplolaimus indicus, Longidorus sp., M. incognita, P.
citri, Scutellonema sp., T. mashhoodi, T. semipenetrans, Trichodorus sp., X. america-
num, X. insigne in laboratory conditions [132]. Aquatidesthornei found efficacious
against A. tritici, H. indicus, H. mothi, H. oryzae, Longidorus sp., M. incognita,
P, citri, T. mashhoodi, Pavatrichodorus sp., X. americanum [132]. Studies on the
Labronemavulvapapillatus suggested that it feeds on A. tritici, G. rostochiensis,
M. naasi, X. index in laboratory conditions [132]. The studies on Mesodorylaimus
sp., Aporcelaimellus sp., Neoactinolaimus sp., against R. reniformis, R. similis and
M. incognita suggested their potential as a biocontrol agent [132]. Despite these
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experiments, limited studies conducted on the predatory potential of these groups
if we compare the publication records from 2000 to 2019 [132]. Their biocontrol
potential in greenhouse and in vivo conditions need to be explored in order to use
them against the PPN.

3.2 Nematicides
3.2.1 Bionematicides
3.2.1.1 Antagonistic cultivated plants

There are some plants known for the production of compounds which restricts the
growth of PPN [133]. These antagonistic/anthelmintic compounds are released in the
soil where they regulate the PPN infection and protect the plants. There are so many
species that release these anthelmintic compounds but some are found to play an
important role in limiting the PPN infection [133]. The genus Tagetes releases com-
pounds such as bithienyl and alpha-terthienyl derivatives helping in suppressing the
PPN infection. There is another mechanism opted by this genus for controlling the
PPN population such as favoring the animal species/plants which are natural preda-
tors of nematodes or inhibiting the population, which does not serve for the nutrition
requirements to the PPN etc. [134]. The species of this genus found efficacious in con-
trolling the root knot and lesion nematode in tomato plants [133]. Azadirahta indica
found to be efficient in regulating the nematode population. Further, cruciferous
plants have been known for releasing the harmful nematicidal compound. The com-
pound isothiocynates released from these plants when tested against the nematodes
found efficacious in population regulation. The usage of this compound as biofumi-
gant against the phytoparasitica nematode was also tested and proved efficient. These
compounds are not limited to these plants but other plants also release these volatile
molecules acting against the PPN population. The hydrolysed cyanogenic glycoside
(cyanide) released from the herbaceous plants found acting against the phytopara-
sitica nematode [134]. Crotalaria species are also exploited for regulating the infec-
tion in the fields. The galls produced during root knot nematode infection are found
to be decreased in the presence of Crotalaria longirostrata by utilizing the harmful
compounds released from the microbes [134]. Zea may affect the population of lesion
nematodes when tested with oats and radish. The nematode population was affected
due to the lowering reproductive rate [134]. Likewise, the plant health increases when
Zea mays cropped with velvet or jack beans and lesion nematode population decreases
in response to this [134].

3.2.1.2 Plant-velated materials and compounds

There are some compounds isolated from the plants possessing anthelmintic
properties that can be used for controlling the PPN infection. These compounds can
be prepared from any part of the plant or sometimes whole plant for effective con-
trol. The prepared compound can be broadly categorized into acids, oils, alcohol etc.
Though, most of these compounds have been prepared from the isolated metabo-
lites of plants but this is not a necessary condition that these will be prepared only
from plants. These can be prepared from other microorganisms as they also produce
some similar compounds during metabolism [135]. The acetic acid production
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in the plants occurred during the metabolic pathways but this compound is also
produced by the bacterium viz., Lactobacillus brevis [136]. This compound pos-
sesses the ability to damage the J2stage of root knot nematodes leading to decreased
population. Besides this, compounds produced from decomposition of other
materials in the soil such as amino acids, butyric acids etc. also cause damage to

the phytoparsitica nematode [134]. The compounds released from the T. viride and
Secale cereale affected the PPN infection [134]. Various compounds extracted from
the neem which found efficacious against the PPN. Furthermore, the presence of
these compounds in the rhizosphere of plants provides protection to the host as the
absorption of these compounds in the roots develops resistance against these nema-
todes. Extensive research has been carried out in this field in order to find the new
and effective compounds for management of PPN [134]. The essential oils extracted
from the plants were tested against the PPN and differences were found [134].

The essential oils namely carvone, terpinen-4-ol etc. found efficacious against the
RKN species in laboratory conditions. The other PPN populations of R. reniformis,
Criconemella and Hoplolaimus found resistant against these oils and less mortality
observed. The essential oils of Dysphania ambrosioides found efficacious in manag-
ing these parasitic nematodes [134]. Compounds extracted from the Paenoiarockii
and Camellia oleifera were found efficient in controlling the developmental stages of
the RKN [134].

3.3 Host resistance

ISR is an induced systemic resistance in the hosts against the parasites and
pathogens causing disease. In this, the host defense system strengthens against the
agents’ causing diseases through certain compounds [137]. The resistance in the host
developed from a particular infection after suffering from the infection earlier and
termed as induced resistance [138]. The induced resistance is further classified into
two broad categories mainly SAR and ISR [139]. The SAR, that is, Systemic acquired
resistance controls the disease-causing agent and decreases the harmful effects of
the when compared with other plants. This SAR in the host plants found to be in
coordination of the production of salicylic acid during the diseases [140]. The pro-
duction of salicylic acid mediates the induction of PR-1 gene causing the degradation
of pathogen walls. The ISR resistance is found to be regulated by the Jasmonic acid
and ethylene pathways. The ISR does not depend upon the salicylic acid and does
not show association with the PR genes expression [141]. There are some chemicals
identified which provide resistance to the host plants against these parasites [142].
The successful management of lesion and burrowing nematodes found to be based on
these chemicals which decrease the PPN infection and enhance the plant growth by
providing resistance [143].

4, Conclusions

The PPN infection in the agricultural sectors is one of the major problems in the
world. The exploitation of biological control agents especially, fungi, bacteria and
EPN could be useful in management of PPN as suggested from research. Further,
the use of these agents with other microorganisms or chemical/bionematicide can
enhance their efficacy against the PPN. Till now, the use of chemical nematicide
against the PPN has some drawbacks which draw the attention towards using the
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biopesticide. To use EPN agents in the fields it’s necessary to develop a successful for-
mulation and extensive studies on their virulence activity against the PPN in in vivo
condition are required. On the contrary, fungal and bacterial nematicides based
commercial products can be easily assessed in the management of PPN.
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